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GEOLOGY, WATER RESOURCES, AND USABLE GROUND-
WATER STORAGE CAPACITY OF PART OF SOLANO
COUNTY, CALIFORNIA

By H. G. TroMassoN, Jr., F. H. OumsteD, and E. F. LERoux

ABSTRACT

The area described is confined largely to the valley-floor and foothill lands of
Solano County, which lies directly between Sacramento, the State capital, and San
Francisco. The area is considered in two subareas: The Putah area, which extends
from Putah Creek southward to the Montezuma Hills and from the foothills of
the Coast Ranges eastward to the west edge of the Yolo Bypass; and the Suisun-
Fairfield area, which is to the southwest in the notch in the Coast Ranges through
which the waters of the Great Central Valley of California reach San Francisco
Bay. There are no known hydrologic interconnections between the two subareas,
through either surface streams or underground aquifers.

The climate of the area is characterized by warm, rainless summers and by cool
winters in which temperatures seldom drop much below freezing. The rainfall
ranges from about 17 inches per year along the east side to perhaps 24 inches in
the foothills to the west, and irrigation is necessary for all crops except dry-farmed
grains, pastures, and some orchards.

PUTAH AREA

The Putah area occupies the southwestern corner of the Sacramento Valley, a
topographic and structural basin underlain by a thick accumulation of sediments
eroded from the surrounding hills and mountains by the Sacramento River and its
tributaries. The eastern Coast Ranges and foothills lying west of the Sacramento
Valley are a generally northward-trending belt of eastward-dipping sedimentary
rocks that range in age from Cretaceous to Pleistocene. Successively younger
strata are exposed eastward, and the essentially undeformed deposits of late
Pleistocene and Recent age that immediately underlie the valley lap onto the
tilted sediments of the foothills.

Most of the streams of the Putah area rise east of the high ridge of Cretaceous
rocks marking the western boundaries of Solano and Yolo Counties, but Putah
Creek, the largest stream in the area, rises far west of that ridge and flows across it
in a deep, narrow canyon. Putah Creek and the smaller streams have constructed
an alluvial plain, herein designated the Putah plain, which slopes eastward and
southeastward from the foothills toward the Sacramento River. A large part of
the Putah plain is traversed by a branching sct of distributary channel ridges or
natural levees formed at times of overflow of Putah Creek.

The rocks in the Putah area range in age from Cretaceous to Recent. For the
purposes of this investigation they are divided into eight geologic or stratigraphic
units, from youngest to oldest: (1) Stream-channel deposits, (2) younger alluvium,

1



2 GEOLOGY AND WATER RESOURCES, SOLANO COUNTY, CALIF.

(3) older alluvium, (4) Tehama formation and related continental sediments, (5)
voleanic sedimentary rocks, (6) basalt, (7) undifferentiated sedimentary rocks of
Paleocene(?) and Eocene age, and (8) undifferentiated rocks of Cretaceous age.

The stream-channel deposits are predominantly loose sand and gravel along the
channel of Putah Creek. In part they are actively moving downstream and
shifting.

The younger alluvium, of Recent age, consists of flood-plain deposits under-~
lying the Putah plain, Vaca Valley, Pleasants Valley, and the small valleys in the
foothills north of Putah Creek and in the English Hills. Exposures of younger
alluvium are characterized by soils lacking significant profile development and in
many places by channel-ridge topography.

The older alluvium occupies the stratigraphic interval between the younger
alluvium and the Tehama formation and related continental sediments and is
probably of late Pleistocene age. Its contact with the underlying Tehama forma-
tion and related continental sediments is unconformable near the foothills, but it
may be gradational beneath much of the Putah plain. The base of the older
alluvium is not well defined at many places but is inferred to be at the bottom of an
irregular and ill-defined zone of coarse deposits, which ranges from about 50 feet
to more than 150 feet below the land surface. Exposures of the older alluvium are
characterized by soils that are rather poorly drained and have mature profiles.
Subsurface the older alluvium consists predominantly of fine-grained deposits,
but it includes lenses, tongues, and tabular bodies of coarse, gravelly materials
that constitute about a quarter of the total thickness. Putah Creek deposited
most of these materials in the triangular area bounded by Winters, Davis, and
Dixon.

The geologic unit designated in this report the Tehama formation and related
continental sediments includes the Tehama formation and also possible correlatives
of the Red Bluff formation and post-Red Bluff stream-terrace deposits. Owing
to the general difficulty of identifying and separating these formational units both
in exposures and subsurface, they are assembled in the one geologic (stratigraphic)
unit. The Tehama formation itself is upper Pliocene and may include lower
Pleistocene strata, according to vertebrate paleontological evidence and corre-
lation with part of the Laguna formation of the southeastern Sacramento Valley
and with the Sonoma volecanies west of the Putah area. The Red Bluff formation
and post-Red Bluff stream-terrace deposits probably are upper Pleistocene.

As exposed in the English Hills the Tehama formation consists of interbedded
conglomerate, gravel and sand, pumiceous tuff, and fine-grained strata ranging
from sandy silt to clay. The beds are lenticular, and at many places they change
abruptly in grain size, both laterally and vertically.

Beneath the central and eastern parts of the Putah plain moderately permeable
fresh-water-bearing deposits, most of which probably belong to the Tehama for-
mation and related continental sediments, extend to depths of nearly 3,000 feet.
Fine-grained sediments predominate in the subsurface, and yellowish-brown
oxidized sediments alternate with gray reduced sediments that may have been
deposited in lakes or swamps. Subsurface correlation of beds within the Tehama
is virtually impossible, although zones of predominantly fine or coarse material
can be traced beneath parts of the Putah plain.

A sequence of voleanic shale, sandstone, and conglomerate beds underlying
the Tehama formation and related continental sediments and overlying marine
strata of Eocene age is assigned to an unnamed unit designated volcanic sedimen-
tary rocks. This unit is as much as 400 feet thick where exposed in the central
and southern parts of the English Hills, but it may be considerably thicker be-
neath the southern part of the Putah plain. The age and correlation of these
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rocks are in considerable doubt; on the basis of stratigraphic evidence and litho-
logic similarity to several formations in and near the southern Sacramento Valley,
they may be Oligocene, Miocene, or Pliocene, but they are probably Miocene to
Pliocene. They are largely fine grained but include some coarser grained rocks
which probably are water bearing.

A dark fine-grained basalt occurs as both flows and dikes at Putnam Peak,
Drakes Point, and several other scattered localities in the English Hills and the
foothills north of Putah Creek. The basalt is post-Eocene and in places is as young
as Pliocene. None of it is of any importance as a present or possible future source
of ground water in the Putah area.

The seventh and eighth units in the Putah and Suisun-Fairfield areas are
marine sedimentary strata which are essentially not water bearing. They are not
subdivided into formational units. Instead, they are assigned to two geologic
units: (7) undifferentiated sedimentary rocks of Paleocene(?) and Eocene age,
and (8) undifferentiated rocks of Cretaceous age. Both units comprise siltstone,
sandstone, shale, and conglomerate, all of which are moderately to thoroughly
indurated.

Runoff from some 600 square miles of mountainous area collects in Putah
Creek, and runoff from about 60 square miles of hilly area collects in 6 small
streams to the south. The runoff occurs largely as flash floods, and in most years
the low summer flows are all diverted for irrigation or are absorbed in the valley
area as ground-water recharge.

The seepage gains and losses along Putah Creek downstream from the gaging
station near Winters in the 18 years 1932-50 ranged from a net gain of 8 or 9
cfs (cubic feet per second) in the summer of 1941 to a net loss of perhaps 25 cfs
in 1948-52 during such times as water in this amount was available in the creek.
During 1948-52 the estimaled average yearly ground-water recharge from the
creek was 13,000-14,000 acre-feet, whereas in 1941 the net ground-water discharge
to the creek was about 6,000 acre-feet. Under optimum conditions of greatly
lowered water levels and regulated flow in Putah Creek, the potential recharge
from this channel is estimated to be about 25,000 acre-feet per year.

The ground water of economic importance in the Putah area is contained in
unconsolidated sediments of Pliocene to Recent age, chiefly in the Tehama forma-
tion and related continental sediments and the older alluvium. It moves east-
ward toward the trough of the Sacramento Valley, but by 1950 most of the sub-
surface outflow had been stopped because of pumping withdrawals within the
area.

The older alluvium is more permeable than the Tehama formation and related
confinental sediments, but the great thickness of the latter unit tends to offset
this difference. Many shallow wells in the area tap only the alluvium, but all the
wells of large capacity tap sediments of both the alluvium and the Tehama for-
mation. Well yields in the southwestern part of the area range from 200 to 500
gpm (gallons per minute), whereas in the northern and eastern parts of the area
they range from 500 to 2,500 gpm.

The more permeable lenticular bodies of sand, gravel, sand and gravel, and clay
and gravel, which are in a matrix of flood-plain silt, fine sand, and clay, are inter-
connected in varying degree both horizontally and vertically. In short-term tests
water levels in nearby wells of differing depths may suggest considerable hy-
draulic separation, but in time the differences iron out and the hydrographs indi-
cate that a common water body is present within at least the first 300-500
feet below the land surface.

In April 1950 the static (nonpurping) depth to water in wells outside heavily
pumped parts of the area ranged from less than 10 feet at the east edge of the area
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to about 40 feet at the base of the hills along the west edge; there were two pumping
depressions, one 50-60 feet below the surface near Dixon and the other about 70
feet deep at the Vacaville well field.

Maps of water-level change, hydrographs, and water-level profiles show that
between April 1932 and May 1941 the water levels rose throughout the area in
amounts that ranged from less than 5 feet around the south and east edges to more
than 20 feet in one place 2-3 miles southwest of Dixon. Between May 1941 and
April 1950 the water levels declined in amounts that ranged from less than 5 feet
to about 30 feet in the same places.

Pumping draft is considered to have been negligible as of 1900 and to have
been not more than 10,000 acre-feet per year by 1912. Pumpage for irrigation
in the 11 years 1941-51 ranged from 24,000 acre-feet in 1941 to 92,000 acre-feet
in 1951. In this same period the net draft on ground water for irrigation and
other uses ranged from about 19,000 acre-feet in 1941 to perhaps 66,000 acre-feet
in 1951 and averaged about 34,000 acre-feet.

Ground-water recharge is from rainfall penetration in the valley-floor area,
seepage loss from Putah Creek and from the minor frontal streams, subsurface
flow from Yolo County on the north and from the English Hills on the west,
and applied surface water in Reclamation District 2068 to the southeast. It
appears that, under virgin conditions, potential recharge in excess of 10,000—
15,000 acre-feet per year was rejected and left the area as surface runoff, because
the underground reservoir was full. However, it appears that, under develop-
ment adequate to provide subsurface reservoir capacity in which to store all
potential recharge in a series of wet years, a long-lerm average net draft of about
40,000 acre-feet per year could be sustained without artificial recharge.

The amount of fresh-water storage at depths below the economic reach of
present-day pumping equipment is of little practical significance. The capacity
referred to in this report as total storage capacity is, arbitrarily, the capacity with-
in the depth range 20-200 feet below the land surface. The part of this total
required to level out cyclic variations in recharge from natural sources is here
designated the natural reservoir capacity, and the part that could be unwatered
and replenished artificially to augment the natural supply is here designated the
artificial reservoir capacity. The sum of the natural plus artificial reservoir ca-
pacity is commonly referred to as the usable storage capacity of a ground-water
Teservoir.

The total storage capacity of each of three depth ranges, 20-50, 50-100, and
100~-200 feet below the land surface, in 10 subdivisions of the Putah area is esti-
mated by multiplying the total volume of sediments in each by an estimated
average specific yield. (The specific yield is defined as the ratio of (1) the volume
of water which, after being saturated, a water-bearing material will yield by
gravity to (2) its own volume.) The average specific yield in each was derived
from drillers’ logs and estimates of specific yield assigned to 5 classes of material
logged, as follows: Gravel, 25 percent; sand, sand and gravel, 20 percent; fine
sand, silty sand, 10 percent; gravel and clay, 5 percent; and ‘“clay”’ (largely silt),
3 percent.

The estimated total storage capacity in the range 20-50 feet below the land
surface is 313,000 acre-feet. In the 50- to 100-foot range it is 491,000 acre-feet,
and in the 100- to 200-foot range it is 963,000 acre-feet. Thus, the total storage

. capacity is estimated to be about 1,750,000 acre-feet, equivalent to a pool of
water 14 feet deep throughout the area.

Between 1932 and 1941 the recharge to the ground-water reservoir was greater
than the ground-water discharge, and 75,000 or 80,000 acre-feet was added to
storage; whereas between 1941 and 1950 the recharge was less than the discharge
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and about 130,000 acre-feet of water was taken from storage to meet the unbalance.
Artificial recharge of imported water was not a factor in those years.

The storage capacity of the sediments subject to being unwatered by pumping
is estimated to be about 850,000 acre-feet, equivalent to an average depth of 6.6
feet; however, not all this is considered usable in view of the conditions of natural
and potential artificial replenishment that exist in the Putah area. The natural
reservoir capacity is estimated to be about 200,000 acre-feet, equivalent to a
depth of water about 1.6 feet, and the artificial reservoir capacity is estimated
to be about 400,000 acre-feet, equivalent to a pool 3.2 feet deep. Thus, of the
1,750,000 acre-feet of total ground-water storage capacity, only about 600,000
acre-feet or one-third is considered to be usable.

The artificial recharge necessary to the utilization of the artificial reservoir
capacity above doubtless can be accomplished in one or more of the following
ways. The most important possibility appears to be in the application of imported
water to the lands for the irrigation of crops. The channels of Putah Creek and
of the small streams to the south offer natural recharge facilities that might
permit the conservation of 100,000-150,000 acre-feet in a period of 5-10 wet years.
Spreading ponds on the more permeable soils might be needed to distribute the
recharge properly. The use of wells or shafts, however, appears to be the least
practicable because of the difficulty in getting large rates of flow into and away
from them in most of the area.

Most of the waters of the Putah area are of very good quality for irrigation
use, but they are too hard to be desirable for domestic and certain processing
uses. Within the first 500 feet below the land surface the water is of the mag-
nesium bicarbonate or the calcium magnesium bicarbonate type, in which the
sodium (expressed as chemical equivalents) ranges between 10 and 40 percent of
the total cations and the bicarbonate ranges between 70 and 95 percent of the
total anions. In general, the sum of determined constituents ranges between
250 and 650 ppm (parts per million) and the hardness as calcium carbonate ranges
between 150 and 450 ppm. Below the 500- to 1,000-foot depth, however, the
water is considerably softer—total hardness for 3 deep wells near Davis is 60-80
ppm, and the sodium is about 70 percent of the total cations. Throughout most
of the Putah area boron is no problem, but in the extreme southern part and also
east of Dixon the water in some wells may contain as much as 1-2 ppm. In the
eastern part of the area the shallowest wells, less than 50 feet deep, tend to show
more dissolved solids than nearby deeper wells. Evidence is not available to
show whether this is a native feature or caused by enrichment from recirculation
of irrigation water.

SUISUN-FAIRFIELD AREA

The Suisun-Fairfield area consists of the low-lying plains and adjacent foothills
north of Suisun Bay. This area is separated from the Putah area to the northeast
by a group of low bedrock ridges trending northwestward.

The rocks in the Suisun-Fairfield ares include many of the geologic units that
are found in the Putah area. The younger, fresh-water-bearing rocks comprise
younger alluvium, older alluvium, and the Sonoma voleanies; the older, essentially
non-water-bearing rocks comprise the undifferentiated sedimentary rocks of
Paleocene(?) and Eocene age and the undifferentiated rocks of Cretaceous age.

The younger alluvium, of Recent age, is made up of fluviatile silt, clay, and
sand. It yields small quantities of water to wells and transmits water downward
readily except in the vicinity of the tidal marsh north of Suisun Bay.
¢ The older alluvium, of late Pleistocene age, comprises loose to moderately
compacted silt, clay, gravel, and sand of fluviatile origin. The overall permeabil-
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ity varies widely, depending on the extent and thickness of the gravel and sand
lenses, but on the average it is considerably lower than that of the older alluvium
of the Putab area. The older alluvium probably supplies most of the water
pumped from wells, and although the thickness is somewhat greater than it is in
the Putah area—more than 200 feet near the southern margin of the valley plain—
the average yield of wells tapping mainly older alluvium is only about 200 gpm
(gallons per minute).

The Sonoma voleanics (Pliocene), which are in the same stratigraphic position
as the Tehama formation and related continental sediments in the Putah area.
are made up of interbedded tuff, tuff breccia, agglomerate, and flow rock. The
tuff beds are largely pumiceous and probably supply most of the water yielded
to wells by the Sonoma voleanics. The flows, mostly of andesite and basalt,
may yield significant amounts of water where fractured, but they are generally
dense and impervious. The overall average permeability of the Sonoma vol-
canics is substantially less than that of the overlying alluvium, and to obtain
sufficient quantities of water for irrigation wells must penetrate several bundred
feet into the volecanic rocks.

The rocks of Eocene age and older include the same formational units as those
in the Putah area, with the addition of Lower Cretaceous and possibly Upper
Jurassic strata. Most of these rocks are essentially impervious.

Most of the wells in the Suisun-Fairfield area derive water from the older and
younger alluvium, although many of the deeper wells in the western part of the
area obtain water also from the Sonoma voleanics.

North and east of Fairfield the alluvium is thin and of low permeability, and
only stock and domestic wells are obtained. In Suisun-Fairfield Valley and in
Green Valley, however, 215 irrigation wells were canvassed in 1949. Their meas-
ured discharge is relatively small, ranging from 20 to 565 gpm.

Under native conditions ground water moved from the surrounding edges of
the valley southward to discharge at and near the tidal marshes to the south.
In the area east of Fairfield and in Green Valley tbis situation was little changed
as of 1952. Southwest of Fairfield, however, a pumping depression has reversed
the gradient and stopped the subsurface discharge to the marsh.

During the 11-year period 1941-51 pumpage ranged from about 1,500 to
7,900 acre-feet per year. The net ground-water draft in this same period ranged
from about 1,000 acre-feet per year in the wet years 1941 and 1942 to as much as
4,000 or 5,000 acre-feet per year in the dry years of the late forties. The increase
in pumping was caused in part by the decrease in rainfall, but it indicated also
some increased development of ground water during the 11-year period.

The long-term supply available in the area east of Fairfield was not estimated
because of the poor quality of the water and the low permeability of the containing
sediments. As to the main valley area west of Fairfield, it is estimated that a
pumpage of about 6,000 acre-feet per year—a net draft of 3,500-4,500 acre-feet
per year—could be sustained by use of the natural reservoir capacity. In Green
Valley it appears that pumpage could be increased somewhat above the observed
1,400 acre-feet per year, but that deep wells and large pumping lifts would be
necessary for any large increase.

The estimated total ground-water storage capacity in the area west of the town
of Fairfield in the depth range 10-200 feet below the land surface is 226,000 acre-
feet. Of this total, 47,000 acre-feet is in the 10- to 50-foot range, 68,000 is in the
50- to 100-foot range, and 111,000 is in the 100- to 200-foot range. The total
capacity in terms of an equivalent depth of water ranges from 8.6 feet in the
storage unit south of Cordelia to 19.2 feet in the Green Valley unit, and averages
12.9 feet for the 3 storage units.
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The usable storage capacity in the main valley area west of Fairfield is probably
not more than 20,000-30,000 acre-feet. The usable capacity in Green Valley
may be about 10,000 acre-feet plus or minus 50 percent. None of the storage
capacity in the area south of Cordelia is considered to be usable so far as concerns
planning for any integrated program of water development. Thus, a conservative
upper limit of usable ground-water storage capacity in the Suisun-Fairfield area
is suggested to be in the range from 25,000 to 40,000 acre-feet, or only about 10-20
percent of the estimated total capacity in this area. The development of any-
where near this amount would require the construction of many deep wells into
the Sonoma volcanies and heavy pumping costs concomitant with the necessarily
deep pumping levels.

The ground water spans a wide range in chemical quality in two respects. The
specific conductance ranges from 50 to 4,330 micromhos but commonly from 500
to 1,000 micromhos. The element boron, so toxic to many plants, ranges from
an undetectable amount in 1 sample from a well drilled entirely in the Sonoma.
voleanics to 28 ppm in a 135-foot well in the valley of Ledgewood Creek and
reportedly to as much as 61 ppm in an unlocated well also in the valley of Ledge-
wood Creek. Both the dissolved solids and the boron are highest in the Creta~
ceous rocks to the north and east, and they are lowest in the alluvium and Sonoma.
voleanics in parts of the area not recharged by water from the Cretaceous rocks.

INTRODUCTION
LOCATION AND DESCRIPTION OF THE AREA

Solano County lies largely in the southwestern part of the Sacra-
mento Valley, directly between Sacramento, the State capital, and
San Francisco. (See fig. 1) It includes not only fertile valley lands
west and north of the Sacramento River, at altitudes ranging from
as much as 5 feet below sea level in the islands of the delta country
to about 150 feet above sea level at the edge of the hills, but extends
westerly into the rugged Coast Ranges where the skyline is generally
more than 2,500 feet above sea level. The southwestern part of the
county extends into the San Francisco Bay region to include the
Suisun-Fairfield area, the city of Vallejo, and important military in-
stallations at Travis Air Force Base, Mare Island, and Benicia. This
southwestern part of the county is in the notch in the Coast Ranges
through which the waters of the Central Valley of California enter the
San Francisco Bay from the delta of the Sacramento and San Joaquin
Rivers.

The area covered by this investigation and report is confined to
the valley and foothill lands, and in most parts of the report it is
considered in two subareas which are here designated the Putah area
and the Suisun-Fairfield area. The Putah ares lies wholly within the
Sacramento Valley proper (see fig. 4); it extends from the foothills
west of Winters and Vaca Valley eastward to the west edge of Yolo
Bypass and from Putah Creek on the north to the Montezums Hills
on the south. The Suisun-Fairfield area is bounded on the north and
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FIGURE 1.—Map of Solano County and vicinity showing valley-floor areas and tributary drainage area.

west by foothills of the Coast Ranges, on the south by the salt marshes
adjacent to Suisun Bay, and on the east by low ridges of consolidated
rock which crop out southeast from Vacaville to the Montezuma Hills,
and which form a barrier to any movement of ground water between
this area and the Putah area. There are no known hydrologic inter-
connections between the two areas, by way of either surface streams
or underground aquifers.

The boundaries of the area covered by this investigation were
arbitrarily established early in the investigation. Neither of the sub-
areas contains a distinct ground-water basin having well-defined geo-
logic boundaries on all sides; hence, in each subarea it was necessary
to investigate the geology and general ground-water features in the
territory that surrounds the area in which the intensive hydrologic
studies were made. As shown on figure 1, the general investigation
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in the Putah area covered about 600 square miles and the intensive
investigation with particular reference to ground-water storage capa-
city covered about 200 square miles. In the Suisun-Fairfield area
the corresponding areas were about 75 and 32 square miles.

CULTURE

Vegetation native to this part of California ranges from fairly
heavy pine and oak timber at the higher altitudes of the Coast Ranges
through scattered timber and brush on the lower slopes to grasses and
occasional oak trees on the valley floor. The mountainous areas re-
main about in the native state, but the valley lands have been con-
verted in large part to the production of agricultural crops and
lLivestock.

It was a natural step to substitute grains such as wheat and barley
for the native grasses, and from the days of the Spanish colonists to
the turn of this century, the growing of these crops by dry-farming
methods was the principal agricultural industry (Bryan, 1923, p. 1).
However, several factors have contributed to a shift in agricultural
practices that is continuing at the present time. In the first place,
the yields from dry-farming methods were relatively small and large
holdings were necessary for profitable operation. Even so, the dry
farmer was subject to almost complete crop failure in years of extreme
drought. The continuing influx of people from the East has caused
the subdivision of lands into small farms which have had to be capable
of producing high-value crops consistently in order to support the
owners.

The key to increased production lay in providing a supplemental
supply of water to stabilize the supply from rainfall and to extend
the supply throughout the normally rainless months of the growing
season. The first water for irrigation in the area was pumped from
Putah Creek, but its use was limited to lands adjacent to the channel
and to such times as the natural flow in the creek was adequate to
meet the need. The pumping of ground water in the neighborhood of
Dixon is reported by Bryan (1915, p. 21) to have begun about 1900
dand to have become important by 1907. From a field canvass made
in 1913, he reported 128 pumping plants in the “Davis-Dixon-Winters”
area, which were used to irrigate 5,696 acres (Bryan, 1923, p. 5).
That area corresponds approximately to the Putah area of this report.
Bryan reported also 3 pumping plants near Rio Vista, which were
used to irrigate 19 acres in that area, but he did not report the state
of development in the Suisun-Fairfield area.

From its beginning hardly half a century ago, irrigation with ground
water in Solano County has increased, so that as of 1950 the pumpage
in the Putah area alone was some 89,000 acre-feet. The principal ir-
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rigated crops now include alfalfa, tomatoes, apricots, almonds, wal-~
nuts, sugar beets, and irrigated pasture.

According to the 1950 census, the principal towns in the area and
their populations were Dixon, 1,714; Vacaville, 3,169; Fairfield, 3,118;
Suisun, 946; and, immediately north of the area in Yolo County,
Davis, 3,554; and Winters, 1,265. The principal industries in the
area are food-processing plants that utilize the local agricultural prod-
ucts, although military installations such as Travis Air Force Base
also provide employment for many hundreds of local residents.

STATEMENT OF THE PROBLEM

Under the climatic conditions that prevail and the type of agricul~
tural economy that has been developing during the past half century,
it is hardly surprising that the demand for water has increased
steadily. Neither is it surprising that the hitherto unused flood-~
waters of Putah Creek should be considered as the source of ultimate
supply for full development of the land resources of the area.

The U. S. Bureau of Reclamation proposed a project and has been
authorized to construct a dam on Putah Creek at the Monticello dam,
site (fig. 1), about at the Napa-Solano County line, for the purpose of
conserving floodwaters that now waste to the sea. The 1,600,000~
acre-foot reservoir thus formed will make water available for irriga-~
tion of lands in Solano County, principally in the Putah area, Vaca
Valley, and the Suisun-Fairfield area; for military installations of
Travis Air Force Base, Benicia Arsenal, and Mare Island Navy Yard ;
and for municipal use at Fairfield, Suisun, and Vallejo. (See also.
p. 316.)

The magnitude of the usable underground storage capacity beneath.
the service area of the Solano County project (essentially the Putah
and Suisun-Fairfield areas of this report) is an important element in
planning for the effective development of the water resources of the.
proposed Solano project. In order to provide basic information
needed for planning and operation studies, the Bureau of Reclama-~.
tion asked the Geological Survey to make an estimate of the total
and usable storage capacity within the depth range 20200 feet below
the land surface and to investigate other geologic and hydrologic.
features of the ground-water reservoir.

SCOPE OF THE INVESTIGATION AND PURPOSE AND SCOPE OF THIS.
REPORT

The requested objectives of the ground-water studies in Solano.
County were threefold: (1) to determine the storage capacity of the
ground-water basin or basins underlying the land-surface extent of
the proposed Solano project, (2) to ascertain the effective reservoir-
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capacity (usable storage capacity) of the ground-water basins, and (3)
to determine where and how artificial recharge could be accomplished.
About half the cost of the work was paid from Federal funds appro-
‘priated by the Congress to the Geological Survey and about half was
from funds transferred to this agency by the U. S. Bureau of Rec-
Jlamation.

The investigation by the Geological Survey reported here was made
under the supervision of J. F. Poland, district geologist in charge of
-ground-water investigations in California. The investigation was in
local charge of G. F. Worts, Jr., from April 1948 to March 1950 and
-of H. G. Thomasson, Jr., from March 1950 to termination of the work.
Fieldwork was begun by the Geological Survey in April 1948 and
was completed in 1952. It included canvass of most existing irriga-
tion wells and also all other wells for which useful information became
available, collection of well logs from owners, drillers, and public and
private agencies, and collection of all available water-level measure-
ments, chemical analyses of waters, and related geologic and hydro-
logic data.

In addition to the assembly and cataloging of existing information
concerning the area, the fieldwork included also rather detailed geo-
logic mapping of the valley-floor areas and adjacent foothill territory,
the establishment and operation of an observation-well net containing
about 100 wells measured at weekly, biweekly, or monthly intervals,
the measurement semiannually of some 500-600 wells for use in prep-
aration of the water-level contour maps, the operation of water-level
recorders at 15 wells in the study of shallow and deep wells and their
interrelation, the collection of power records back to 1941 for use in
estimating amounts of water pumped, and the collection of samples
of water for chemical analysis.

An important part of the fieldwork was the study of the Putah
Creek channel as a possible recharge facility. Fieldwork there in-
cluded exploration of the channel by means of test holes bored by
hand auger along the reach from Winters downstream to the bridge
southeast of Davis at the Yolo-Solano County line, and the measure-
ment of discharge along the channel at selected sites between the
consolidated rocks of the Coast Ranges west of Winters and the
county-line bridge for the purpose of observing rates of gain or loss
under existing conditions.

A progress report was prepared after the first 2 years of work to
outline the general ground-water conditions in the area and to sum-
marize preliminary findings relating to losses from Putah Creek
(Worts and others, 1950). The present report is under the combined
authorship of Messrs. Thomasson, Olmsted, and LeRoux; the section
on the geology of the Putah ares was prepared by Mr. Olmsted, that
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on the geology of the Suisun-Fairfield area by Mr. LeRoux, and those
on surface-water and ground-water resources and storage capacity
by Mr. Thomasson.

The purpose of this report is to present the basic data, to describe
the geology of the area as it pertains to the objectives stated above,
to summarize briefly the surface-water features of the area, and to
describe the ground-water resources of the area with particular refer-
ence to the usable storage capacity of the underground reservoirs.
The basic data not included in this report are tabulated in appendixes
at the end of this report. All data of a given group are tabulated
except for those groups in which the large volume of data available
made tabulation impracticable. For example, only selected well logs
are included which are considered to show representative conditions.
Appendix A contains descriptive data on about 1,900 wells in the
Putah area and on about 400 wells in the Suisun-Fairfield area.
Appendix B includes water-level measurements in both areas collected
from all public and private agencies and also measurements made
by the Geological Survey. Appendix C contains drillers’ logs of 149
water wells selected in the Putah area and 26 wells in the Suisun-

Fairfield area.
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CLIMATE

Although differing in details, in its broader aspects the climate
of this area is much like that of other parts of California a few miles
inland from the coast. It has been designated as a Mediterranean or
dry-summer subtropical climate in the Képpen classification system
(Trewartha, 1937, p. 191, 254). It is characterized by warm summers
having cloudless skies in the Putah area but with some morning over-
cast in the Suisun-Fairfield area, and cool winters in which tempera-
tures seldom drop much below freezing. Most of the rain falls in the
winter months and ordinarily little or none falls during the summer
growing season. Snow is practically unheard of in the valley areas,
although it occurs at higher levels in the Coast Ranges.

The Pacific Ocean exerts considerable influence on the climate
throughout Solano County. The prevailing winds blowing inland from
the ocean tend to moderate both the diurnal and the seasonal ranges of
temperature that occur in most interior valleys of California. The
effect is most pronounced in the Suisun-Fairfield area, only 30-40
miles inland, where the southwesterly winds produce an almost coastal-
type climate. Even in the Putah area, which is entirely inland from
the Coast Ranges, winds pouring through the notch in the mountains
produce a more equable climate than is found to the north or south in
the Central Valley.

Climatologic data are summarized in table 1 for the Weather Bureau
station at Sacramento, which is about 13 miles east of the station at
Davis and outside the immediate area of investigation. Concurrent
data for these 2 stations do not differ radically, and the record for
Sacramento is used here because of its length. Monthly temperature
and precipitation data from this table are also shown on figure 2 in
graphic form. For the 74 years of record, the average monthly tem-
perature at Sacramento has ranged from a minimum of 45.6°F in
January to a maximum of 74.1°F in July. The spread between the
monthly averages of the daily high and low temperatures has ranged
from 14°F in December and January to about 32°F in July and Au-
gust. The highest and lowest temperatures observed at Sacramento
during a century of public and private record were 114°F in July
1925 and 17°F in December 1932, respectively. However, the tem-
perature in summer ordinarily does not go above 100° for more than
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TasLE 1.—Climatologic data at Sacramento, Calif.
[Data from publications of U. 8. Weather Bureau]

Period | Oct. | Nov. | Dec. | Jan. Feb. | Mar.
(years)
Average daily maximum temperature
. degrees Fahrenheit. . 74 75.4 63.9 53. 52.4 58.3 63.5
Average dailyminimum temperature_.do. 74 50.7 43.6 39.4 388 42.5 45. 4
Average monthly temperature. a 4 63.0 53.8 46. 5 45.6 50. 4 54.5
Highest temperature of record._ -do. 74 101 84 71 72 80 85
Lowest temperature of record. . do.... 74 34 27 17 19 21 29
Average monthly precipitation_.___._inches.. 103 0.83 1.85 3.64 3 55 3.00 2.64
Maximum monthly precipitation. ... do.... 103 6.02 | 11.34 ] 13.40 ; 15.04 9.25 10.00
Minimum monthly precipitation -do.._. 103 0 0 0 0.15 0.04 0.04
Mazximum 24-hour precipitation..._...do.... 74 2.08 429 3 3.52 3.30 2.94
Average number of days with 0.01 inch or
more of precipitation.___.___._____________ T4 3 6 10 10 9 9
Prevailing wind direction. 74 S S S S S S
Average wind speed-........ miles per hour-. 74 6.4 6.1 6.7 7.1 7.7 8.0
Apr May | June | July | Aug. | Sept. The
year
Average daily maximum temperature
degrees Fahrenheit_.| 69.6 76.1 84.1 90.0 89.2 84.6 7.7
Average daily minimum temperature. do....{ 48.1 517 56.0 58.2 57.5 56.0 49.0
Average monthly temperature..._...__ do.... 58.8 63.9 70.0 74.1 73.3 70.3 60.4
Highest temperature of record 96 103 112 114 111 109 114
Lowest temperature of record. . 34 37 43 47 48 44 17
.45 0.70 0.13 0.02 | Trace 0.22 18.03
. 20 3.25 1.45 0.63 0, 3.62 15.04
ace 0 0 0
.24 1.94 0.82 0.07 0.20 3.14 7.24
more of precipitation.. 5 3 1 <0.51 <0.5 1 57
Prevailing wind directior S S S S S S
Average wind speed... 8.2 8.6 8.6 8.3 7.8 7.0 7.5

2 or 3 days at a time; neither does the temperature drop much below
freezing in winter. Temperatures below the middle twenties are rare.

An evaporation station has been maintained since April 1926 by
the Agricultural Experiment Station on the campus of the University
of California at Davis. Evaporation is measured in a standard U. S.
Weather Bureau pan 48 inches in diameter and 10 inches in depth;
in addition, the station equipment includes an anemometer, maximum
and minimum thermometers, and a standard rain gage. The monthly
and yearly evaporation is included in table 2, as it relates to the dis-
tribution of consumptive requirements during the year. Records of
temperature and wind movement are available for the full period of
record. The data are arranged by calendar year to span the growing
season, whereas the other climatologic and streamflow records in this
report are arranged by water years ending September 30. For the 27
years 1927-53 the average yearly evaporation was 68.3 incbes, more
than two-thirds of which occurs in the 5 months May—September and
-only about 15 percent in the 5 months November-March.

Probably the most striking feature of the local climate is the divi-
sion of the year into wet and dry seasons. (See fig. 2.) For 103 years
of precipitation record at Sacramento, some 40 percent of the yearly
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16 GEOLOGY AND WATER RESOURCES, SOLANO COUNTY, CALIF.

total of 18.0 inches falls in the 2 months December and January, 90
percent falls during the 6 months November—April, and only 2 percent
falls during the 4 months June-September. In Solano County the
distribution of rainfall during the year is not greatly different from
that shown for Sacramento.

TABLE 2.—Evaporation, in inches, at Davis, Calif., 1926-53
[Data collected by University of California, Agricultural Experiment Station]

Year Jan. | Feb. [ Mar.| Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec. | Total
.................. 7.76|10.17 [ 11.29 | 9.99| 7.86| 4.35| 1.94] 1.45( ___.._
1.04 130315201817 932|10.68| 866 7.78) 4.8 | 134 1.39| 62.45
1.8211.94 1480|846 10.79 | 10.27 ] 9.87 | 7.62| 4.99| 1.79 65 | 63.89
2.11 1 3.8 507 ]9.03| 857)10.47| 9.63| 6.84| 521 3.41 791 65.62
20913241414 €39] 9.5410.25|10.30| 6.10 | 4.66 | 2.45| 1.50 | 61.49
1.78 1 464 | 7.06 ) 9.42 ] 9.76 | 12.08 | 11.16 | 8.30 | 4.93 | 2.86 69 | 73.48
2.13 | 461600816 10.28}11.78|10.85 | 7.76 | 6.30 | 3.83 | 1.56| 74.65
290 | 421726753 977|12.4211.09| 7.87| 598 .3.30 70 | 74.03
1.36 | 3.48 | 5,47 | 7.43| 9.06 | 11.44| 9.90| 8.64| 493, 1.8 | 1.56| 66.51
1.52 137514491 827! 9.62| 1000 9.37| 6.90] 501 | 2.16 | 1.22| 63.18
1.28 | 514 | 5.80 | 9.25| 8.39 | 11.10 | 10.22 | 8.61 | 5.54 | 2.756| 1.52| 71.06
2.073.2216.679.07| 88 |10.50] 9.8 | 7.56| 462 2.02} 1.04| 66.54
1.82 12991496880 |10.27 | 10.90 | 9.91 7.79) 419 3.66} 1.17| 67.48
3.20 | 3.85 | 7.66 { 9.23 | 11.34 | 11.53 | 10.27 | 7.58 | 5.18 | 2.70| 1.36 | 75.54
1.9913.68|544)17.98 9.43| 9.64| 843 | 6.68( 422 2.19| 1.91 62. 70
1081376 (501|711 870] 9.30( 830 854 | 565 .73 1.27| 61.54
2.00 1401 )38 |68 |10.30|10.95] 9.40| 7.58 | 4971 1.84 81 63. 32
1.54 | 2.55|5.24 | 9.9 | 9.66 ) 10.99 | 9.84| 7.73 | 4.93| 2.22| 1.69| 67.89
2481439 (424 (842 88| 9.89 ) 9.81| 878 | 487 1.68 65.28
242128 | 767730 11.14|11.31 | 9.99| 9.83| 558 | 1.78 72| 71.51
1.59 | 3.61 | 5.62 | 7.93 | 10.35 | 11.47 | 10.50 | 8.72 | 5.69 | 3.26 70| 71.02
1.33(3.50|6.91{9.87|11.2711.89|10.13| 9.30| 412 | 2.97} 1.45| 74.09
2.70 | 3.96 | 3.92 1 6.47 | 9.00 ! 11.25| 9.42| 6.95| 4.80| 3.32 64. 81
1.73 (835|721 (867 |11.82|12.37| 9.92| 852| 6.63| 254 1.32| 76.43
2.69 | 3.76(7.48]9.72| 9.84]12.37 | 10.32 | 7.84 |24.65122.35 (11.2 |274.0
1.33 | 5.33 |1 5.92|850|11.17 | 11.21 | 10.02 | 8.04 {25.34 121.99 121.49 | 71.03
1.71 |124.32 126.19 | 9.35 | 8.80 | 10.59 | 9.74 | 7.44 | 4.45|22.67{11.2 |267.7
3.37 | 4.04 | 5.46 | 6.690 | 9.45 | 11.26 | 9.24| 7.56 | 5.79 | 1.58 | 2.01 67. 56
Average..| 1.20 | 1.97 | 3.74 | 5.74 | 8.28 | 9.84 | 11.04 | 9.8 | 7.88 | 5.00{ 2.44| 1.21| 683

Percent._| 1.8 | 2.9 | 5.5 |84 (12,1 14.4 [ 16.2 | 14.4 | 1L5 7.4 3.6 1.8 | 100

L Estimated.
t Partly estimated.

Average rates of rainfall in Solano County and the adjacent trib-
utary areas to the northwest vary somewhat from place to place,
owing largely to orographic effects of the Coast Ranges to the west
and to the presence of the notch in the range that leads to San Fran-
cisco Bay. This report does not consider rainfall on the headwater
area in the Coast Ranges, other than to point out that it is heavier
there than on the valley area and that it is much heavier at the higher
altitudes. (See fig. 1.) For example, a rain gage was maintained
at the Helen Mine at an altitude of 2,750 feet on the north flank of
Mount Saint Helena from 1901 to 1921. The average yearly rainfall
there during this 21-year period was 88.3 inches, which is more than
5 times as great as the 16.6 inches at Sacramento during the same
period. From the crest of the range the precipitation decreases in
an easterly direction to become fairly uniform over the valley area.
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Table 3 presents records of monthly rainfall at 6 stations in the
valley area, which are in or closely adjacent to the area covered by
this report. As shown on figure 1, these stations pretty well encircle
the area, and they should present a reasonably dependable picture
of rainfall distribution over the area. Actually, only 5 sites are
represented because the old station at Suisun was not far from the
present station at Fairfield. During the 10 water years 1943-52,
the longest period of record common to the 5 stations, rainfall over
the northern part of the area ranged from 22.5 inches at Vacaville
to 15.4 inches at Davis, and over the southern part it ranged from
19.1 inches at Fairfield to 14.5 inches at Rio Vista a few miles south-
east of the area. By way of comparing these 10 years with longer
records, the rainfall at Sacramento for the 10 years was 17.08 inches,
for the 65-year period 1886-1950 it was 17.10 inches (almost exactly
the same), and for the 103 years of record it was 18.03 inches. At
Davis the 10-year average was 15.37 inches, whereas the 65-year
figure was 17.02 inches, and at Vacaville the 10-year average was
22.55 inches as compared to 24.78 for the 65 years. Thus, the 10-year
average at the Sacramento station is reasonably close to the average
for the much longer periods, but the 10-year average at the other 2
stations is as much as 10 percent lower than the 65-year average.

TABLE 3.—Rainfall, in inches, at six stations in and near Solano County, Calif.
[Data from publications of the U. 8. Weather Bureau]

Water | Oct. |Nov.| Dec.| Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sept. | Total
year
Darvis, Yolo County
[Altitude 51 feet]

1871-72._.110.2 { 1.20 {11.55 | 4.34 | 1.92| 0.06 | 0 0.11 {Trace | 0 Trace | Trace | 19.38
1872-73._.] 0 1L.50 | 6.50 | 1.00 | 2.26 .50 191 0 0 0 0 0 11.95
1873-74. .. 207 .27 19.68| 3.39| 1.46| 2.50 .55 251 0 0 0 18.30
1874-75...1 1.60 | 250 .10 575 0 381 0 .10 751 0 0 0 11.18
1875-76. - .16 13.86 | 260 { 3.53 | 3.69 | 3.67 | 1.01 201 0 20 .02 [ Trace | 18.94
1876-77_..1 0 0 0 2.8 | 112 50 .12 32| 0 Trace | 0 0 4.90
1877-78___ .73 34 11.00] 872 | 6.49 1.75 .66 31| 0 0 15 120,15
1878-79.__ .34 1100 .19 2.38| 2.65| 3.8 | 104 | 120 .18 0 0 12.78
1879-80... .36 (179 (2721 1.80 | 1.17| 1.16 | 7.46 5741 0 0 0 0 17.03
1880-81._.| 0 0 10.47 | 3.94| 2,12 | 119 113 0 0 0 0 23 | 19.08
1881-82.__ 1.65 | 238 | 1.28| L92| 276 | 1.13| 0 0 0 0 19 | 11.59
1882-83._.| 1.78 | 2.84 | .68 | 2.20 .71 1 3.19 1.00( 3.19| O 0 0 72 | 16,31
1883-84._ . .35 | .43 | 3.07| 3.78| 509 307 0 1.39 | 0 0 28 | 18.36
1884-85.__| 1.48 | 0 5.251 1.32 .14 10 1221 0 0 0 0 05| 9.56
1885-86___| 0 7.87 | 4.56 | 5.32 .20 1.70 | 475 051 0 0 0 0 24.45
1886-87.__ .48 10 1.81 991 6.14 .78 2031 0 0 0 0 05 | 12.28
1887-88___| 0 .50 | 2,52 | 4.23 1.10 | 2.80 .30 501 0 0 0 65 | 12.60
1888-89___| 0 5.06 | 4.20 .20 41| 6.62| 1.17 | 1.48 34| 0 0 0 19.48
1889-90___! 8.14 (3.04 {9.02| 6.36 | 3.69| 3.35| 1.60| 2.21| O 0 0 62 | 38.03
1890-91__.1 0 0 528 1.10 | 10.55 | 1.45 1.68 701 0 0 0 20.76
1891-92.__| 0 .47 | 2.51 1.72 | 2.05| 2.67 921 208 0 0 0 0 12.42
1892-93__. .81 (278 [ 6.77 | 3.43 | 409} 4.32 .85 1.56| 0 0 0 24.31
1893-94___ .10 1 297 1 2.01 3.501 2.05 94 .30 1.64 | 1.65| 0 0 93 | 16.09

See footnotes at end of table.
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TaBLE 3.—Rainfall, in inches, at siz stations in and near Solano County, Calif.—Con.

Water | Oct. |Nov.| Dec.| Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sept. | Totak
year
Davis, Yolo County—Continued

1894-95__ | 1.01]10.35|7.59 | 847 | 1.85| 1.30| 0.64| 0.44 O 0.50 1.00 | 23.15
1895-06_._|Trace | 1.16 | .03 [ 9.24 .15 2.06 | 5.86 L7110 0 32 .98 | 21.51
1896-97_.. 1.02|3.74 1223 | 3.23 | 4.13| 263 .28 .23 03] 0 Trace | 17.52
1897-98...{ 1.66 | .63 | 1.06( 1.11| 3.07 .04 24| L15 0 .25 | 9.21
1898-99___ .30 | .46 | 1.58 | 3.82 |Trace | 5.67 |Trace .31 801 0 027 0 12. 96-
1899-1900.| 3.88 | 1.88 | 1.42 | 3.55 .20 .96 .98 .40 |Trace | 0 0 0 13.27
1900-1_.__ .38 14081 .94 349 5.40 .44 | 2.33 737 0 0 0 11§ 17.90:
1901-2_...1 .83 12.69] .94 .74 702 204 | 1.04 31| 0 0 0 0 15.61
1902-3....1 2.03 11.95(205| 2,93 218 4.43 621 0 0 0 0 0 16. 19
1903-4..__ .05 [ 3.06 | 1.41 .83 1 5.05 | 7.57 .80 0 0 0 1| 3.14 ) 2172
1904-5....| 2.21 (151 )|1.55| 299 3.23} 3.23 50] 4281 0 0 .05 19.55
1905-8.... 0 1.08( .54 ] 9.01| 3.37| 7.30 b7 227 210 0 .14 | 24.55
1906-7._..] 0 1.22 ({759 481 2.28| 6.69 .35 .25 601 0 0 23.79
1907-8... .40 | .40 |3.52] 460 2.99 .86 .10 .29 0 0 .02 | 13.18.
1908-9....f .06 }1.23 | 1.81 ] 9.81| 7.20| 1.94 Trace |Trace | 0 0 .55 | 22.60
1909-10._.f .81 | .78 14.76| 1.75 .40 | 2.57 13 .02 | Trace | 0 0 .04 | 11.26.
1910-11___ 121 .30 1.6513.08| 1.79 | 531 .89 |Trace |Trace | 0 0 23.14
1911-12__f .05 .12{1.13] 208 .20 2.65) 1.37 | 112 141 0 0 1.22 | 10.68.
1912-13___ .25 1108 .33 3.43 .15 | 1.08 77 .36 071 0 Trace | 0 7.52
1913-14__.1 0 4.63 | 7.44| 9.17 | 4.35 . 1,00 . 661 0 0 0 28.70-
1914-15._1 .71 161475 4.62| 5.01) 1.69 01 220 0 0 0 0 20.05
1916-16_. 03] .53 16.03 | 1101 1.93 7 114 11 d00 0 0 .02 17 | 2L07
1916-17... .46 | .35 1 4.81 1.28 | 5.90 .61 .51 [Trace | 0 0 0 .49 | 14.41
1917-18._1 0 A2 .59 .95 1 3.59 | 3.10 821 0 0 Trace | 0 07 | 13.24
1918-19._{ .28 [ 2.19 | 1.69 | 249 | 7.12| 1.54 021 0 0 0 0 .55 | 15.88
1919-20...{ 0 .31 2.61 .37 76 | 3.47 8|0 .04 0 .04 .03} 8.46
1920-21_._} 1.46 | 4.02 | 4.39 | 5.11 .32 124 .30 261 0 0 Trace | 17.10
1921-22___ .21 1 1.6214.30 ] 229) 585 1.47 . 40 401 0 0 0 0 16. 63
1922-23___| 1.56 | 3.29 | 7.37 | 2.62 .70 |Trace | 2.22 101 0 0 Trace .35 | 18.21
1923-24 . .40 .53, .88 | 2.46 | 2.76 | 1..18 .38 05 0 0 0 0 8.64
1924-25.__| 2.05 | 1.42 | 3.55 | 1.05| 4.28| 3.10| 215} 1.63 02| 0 .03 .10 | 19.38
1925-26_ L01 [ 1.71 1 1.29 ) 3.70{ 5.50 01| 5.74 .26 0 01] 0 18.23
1926-27._.] 2.01|518| .58 | 2.18| 4.66| 1.07 | 2.48 .31 471 0 0 Trace | 18.94
1927-28.__| 1.71 1291|232 | 173} 1.62| 3.45 .75 74 0 0 14.76
1928-29_ __ 1313191274 .54} 1,56 1.34 34 .01 941 0 0 0 10.79
1929-30___ .09 3.77| 3.80 | 1.66 | 3.48 .92 .18 0 Trace .23 11413
1930-31... .69 921 .20 3.71 1.02 .85 |{Trace .80 31 0 Trace | 8.50
1931-32.__ .17 1 1.36 | 7.84 | 1.35]| 1.67 | 201 . 66 .15 [Trace | 0 0 0 15.21
1932-33.._| 0 .39 | 217 | 8.77 .66 | 1.95 05 .56 .01 |Trace | 0 .01 9.57
1933-34.__ 7010 4.8 ( 1.16 | 3.21 .10 .36 .25 441 0 Trace | Trace | 11.03-
1934-35...| .65 1| 2.51 | 2.57 | 4.87 .83 | 2.88| 4.40 {Trace! 0O Trace {Trace | 0 18.71
1935-36...] 1.03 | 1.05 [ 1.51 | 3.27 | 7.63 .95 1.32 .53 |Trace .27 1 18.06
1936-37_.. .27 .02]3.40| 238 574 | 5.53 91 0 .09 021 0 Trace | 17.64
1937-38_._ .8112921393) 3.49( 8.87| 426 111 .38 |Trace | 0 0 .09 | 25.86
1938-39_._ .76 .60 | 1.08] 1.39 .87 | 1.62 .34 241 0 .01 0 .16 | 7.07
1939-40__. .20 .081 .98 6.59| 7.42 | 3.58 .76 .64 0 0 .04 | 20.29
1940-41___ .65 11.12 862 58| 58| 3.62{ 3.87 | 183 .01] © Trace | Trace | 31.47
1941-42___| 1.16 ] 1.36 | 5.25 | 4.12| 271 | 2.05( 3.92 .67 0 .02 21.26
1942-43. __ .59 11,656 | 262 7.67 | 1.23 | 2.30 | 1.44 .25 061 0 [} 0 17.81
194344_..| .21 | 1.00 (1.45| 2.84] 6.03 .85 1.48 .96 671 0 0 0 15.49
1944451 1.19 | 3.25 | 2.24 | 1.26| 4.30 | 2.50 .04 .60 .05 | Trace |Trace | 0 15.43
1945-46___1 2.96 | 1.36 | 5.80 .90 .91 1.43 | 1.65 .40] 0 0] 0 .10 | 15.52
1046-47_._ .51 12531240 .41 2.75 | 2.84 .16 .48 431 0 0 Trace | 12.51
104748 .| 2.43| .97} .84 .51 L84 297 248 2.53 51 0 0 .35 1 14.43
194849 _ | 127 .27 [ 428 1.48] 1.37| 451 O .38( 0 Trace .05 | Trace | 13.61
1949-50___ 041121 1,69 420] 336 | 1.17 .79 051 0 0 0 .05 112,47
1950-51._.1 1.98 | 3.88 14,47 | 1.40| 1.06 | 1.00 L74 .68 |Trace | 0 Trace .01 115,22
1951-52___1 1.55 | 1.99 1 4.46 | 7.08 .99 3.22 ] LO4 .09 .23 |Trace | 0 Trace | 20.65

See footnotes at end of table,
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TABLE 3.—Rainfall, in inches, at six stations in and near Solano County, Calif—Con.

Water | Oct. { Nov.| Dec.| Jan, | Feb. | Mar. | Apr. | May { June | July | Aug. | Sept. | Total
year
Winters, Yolo County
[Altitude 132 feet]
B §17 . SO FRPRRURU SRRGIUR AN PRGN NSRRI SRRy (SRR NSRRI (R Trace | 0.00 | 0.02 |......
1942-43._.) 0.78 1209270 ] 9.11 1.59) 2.32) 1.28 | Trace| 0.04 | Trace| 0 Trace | 19.91
1 ——- . .52 1292 33 571 .14} 121 7 311 0 0 0 16,22
1844-45_. .78 | 3.60 | 2.48 .65 4.18| 3.86 .10 Jd21 0 Trace| 0 0 16.77
1945-46___| 2.50 | 1.59 | 1.25 .70 .84 1.02 .40 381 0 05 0 0 14.73
1946-47___ .18 | 2.70 | 2.76 401 2,59 3.18 .29 .11 421 0 Trace| 0 12.63
1947-48.._| 214 | .64 | .72 .67 .68 | 2.49| 4.24f 1.66 .34 0 0 .18 | 13.76
1048-49...| .86 | .14|3.89| 1..33 7] 613 0 301 0 .03 051 0 13.49
1949-50._.| 0 117 | 1.41 | 5.24 | 3.63| 1.00 .85 041 0 0 0 .09 ] 13.43
1950-51._.) 2.11 ) 5.66) 6.50 ) 2.25 .83 1.87 .52 .71 | Trace| 0 Trace .03 | 20.48
1951-52.._| 1.07 | 2.63 | 5,95 7.80F .94 | 3.46 .76 .05 .18 021090 0 22.86
)
Vacaville, Solano County
[Altitude 175 feet]
...... 3. 2,281 2.73| 826 | 7.58| L78| 0 0
21.25 | 15.61 4,58 1.13 2.36 0 0 )]
5.3 2.76 | 3.38| 417 2.37 91 0 ] 0
1.15) 2.451 2.11 6.26 | 2.03]| 563| 0 0 0
1.63| 6.02] 7.19 | 11.45 | 7.48 .24 0 0 0
16.18 | 1.89 .28 .28 | 1.54 0 [)] 0
5.68 1 874 .17 1.32 1 4.84 056 0 0 0
2.26 | 1.34| 9.40) 106} 2.65| 0O 0 0 0
562 6.34 45 421 .08 .04 100 0
5.35 4 .08 | 7.92 .80 | 3.04 510 0 0
12248 1 11.74 | 5.49 | 5.74 .95 | 1401 0 0 0
2.92 .79 1 12.93 571 2,13 .67 A7 1000 Trace .50 | 20.72
6.91] 2.36| 3.45) 2.44| 231 ] 3.16 08| 0 0 07 ] 21.37
7.111 4.50] 3.13| 4.54 .80 .55 1 0 Trace| 0 .18 129.01
2.55| 870 450 1.18 62 1.55 .84 0 (4] 1.13 | 25.06
12.80 | 12.81 | 3.04 | 2.07} 2.08} 1.02| © Trace| 0 .80 | 38.58
1.87 | 14.46 15| 4.31) 7.03) 125 0 Trace .57 .40 | 32.25
3.54( 6.36] 4.96| 523 .24 .27 09 0 .02 .07 { 28.31
2.08 1.59 | 3.01 .19 521 1.94 0 .49 1 13.17
L300} 7.11 .20 | 10.26 .79 1.25 321 0 .16 0 22.89
3.62|3.67| 3.8 .52 | 2.46 | 1.39 .34 | Trace| 0 0 .07 | 19.50
6.26 | 1.68 | 4.68| 5.99 871 2431 1.04] O Trace| 0 .40 | 24.67
3.721.48| 1.43|12.83| 8.57 1.89 | 1.24] 0 0 Trace | 0 26.88
321200 4.95| 1.83| 6.26 01 | Trace | Trace! 0 0 21.79
5881 1.8 1.67| 861|11.73| 1.49 020 0 0 .23 | 5.10 | 37.07
1.66 | 1.71 1 7.10| 2.23| 3.8 .84 3.83| 0 4] [} Trace | 23.95
1.60 | .75 10.58 | 4.86| 885 .58 1 3.04 491 0 0 .26 | 31.01
1.41|7.06| 6.54] 3.08| 848 .48 .02 88| 0 0 .01 ] 27.96
.08 ]465| 4111 3.20 .37 .13 501 0 0 0 Trace | 13,71
2021316} 15181 9.20| 2.43 0 Trace| 0 0 .69 1 33.61
1,481 9.451 3.33] 1.66| 6.82 .21 .03 | Trace| 0 0 .05 ) 24.44
.16 1 1.8 ] 15811 3.11 5.18 ] 1.65 .30 | Trace| 0 0 .03 | 28.68
.82 1219 273 .31 3.66| 1.83} 143} 0 0 0 1.11 | 14.26
3.60| .95| 4.13 .35 1.54 .49 .41 | Trace| 0 0 0 12.03
5.62 |12.44 {21250 | 559 | 1.31| L75| O 2,20 (%0 0 0 39. 41
.16 5.70 ) 7.021 9.74 ) 3.15 .34 123.71 20 20 0 0 31.30
.90 910]19.83} 3.15| 2.22 .08 411 0 0 .39 .15 1 36.33
1.42 1 8.73] 1.99| 7.61| 1.8 .42 2.30{20 20 20 2,08 | 22.40
2.30 2110 1.42) 6.58 [22.70 05 2.0520 20 20 22,80 | 14.10
22,80 |21.20 123.20 129.90 |{22.10 | 2.08 | 2.01}| O 0 0 .86 | 20.45
.41 | 424 .37 .63 464 216 O 031 0 Trace .05 | 12.58
5681679 6.78 .84 | 161 .64 621 0 0 0 Trace | 24.78
1.681 676! 2.62] 7.40) 2.52 .28 .62 | Trace| 0 Trace| 0 22.34
4.29 |10.22 | 3.37 .61 | Trace| 4.19 .04 061 0 .07 .46 | 25.62
161 1.461 3131 3.30: 2.551 ¢ 1610 0 0 Trace! 0 11.15

See footnotes at end of table,
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TaBLE 3.—Rainfall, in inches, at siz stations in and near Solano County, Calif.—Con.

Water | Oct. Dec. | Jan. | Feb. Apr. | May | June Aug. | Sept. | Total
year
Vacaville, Solano County—Continued
1924-25___| 2.83 | 2.77 | 5.24 | 1.69 | 7.36 1,90 | 2,67 {20.02) 0.02 | Trace! 0.20 { 26.53
1925-26___ .19 2,47 | 1,78 | 6.21 | 7.46 6. 67 . 0 0 01| 0 25,48
1926-27.__| 2.36 [ 812 | .68| 3.17 | 8.53 4.99 .06 481 0 Trace .01 | 29.96
1927-28__| 2.05|6.14 | 4.10 | 2. 41 2.37 1.31 291 0 0 0 0 24. 14
1928-29._.f .12 | 533|549 | 1.03| 2.43 .77 .04 | 118 017 0 0 17.97
1929-30...| Trace | 0 552 | 543 | 3.37 .63 | 1.80 241 0 0 0 . «27 | 20.26
1930-31._.| 1.39 | 2.68 | .27 | 555 | 104 .22 .34 .47 .521 0 0 0 13.48
1931-32__.| 1.15) 2.38 {13.99 | 1.65 ] 2.49 .06 .51 .40 01] 0 0 0 23.64
1932-33___| Trace | .98 ) 3.22 | 6.44 | 1.07 .08 | 0 1.051 0 0 0 .05 | 16,49
1933-34.._| 17310 7.46 | 1.44] 5.86 .15 .26 .53 .56 | 0 .02 .05 | 18.06
1934-35...| .92 (508 (345 6.80 | 1.58| 465| 587 | 0 0 Trace| 0 Trace | 28.35
1935-36...| 1.37 | 1.29 | 2,77 7.34 | 1121 ] 1.99| 1.97 .61 .68 0 0 0 29.13
1936-37___ .26 .03 |3.63} 4.17 9.26) 6.87 .48 1 0 521 0 0 0 25.21
1937-38___ .62 4481647 4.35|12.42] 7.39| 2.43| 0 0 0 0 .29 | 38.45
1938~-39_.. .95 .05 .84 2.33| 150} 2.33 .13 481 0 Trace| 0 .03 ] 9.64
1939-40...| .21 | .16 | 1.66} 12.50 | 13.65 | 5.45 | 1.28 98] 0 0 0 .12 | 36.01
1940-41___f 1.21 | 1.26 |14.23 | 10.44 | 10.51 422 503 1.82 11 0 0 0 48,83
1941-42__ | 2.03(2.19 {10.44 | 7.25| 7.79| 2.92| 4.20 840 0 0 0 .08 | 37.74
1942-43__ . .90 | 3.66 | 4.88 | 12.57 | 1.72| 2.52| 167 | O .01 | Trace | 0 0 27.93
1943-44___ .58 11.04 1215 475| 7.09{ 1.12| 165 .93 .01] 0 Trace| 0 19.32
194445 | 1.92 | 461 | 2.46 | 211 6.36 | 4.72 281 1.09| © 0 0 23. 55
194546__.1 3.66 | 2.21 | 9.24 1.08 1.97| 1.46 .03 683 0 0 .04 | 20.32
1946-47___ .37 13.72 1 2.24 .50 | 3.06 | 4.46 .54 .17 .40 .01 |[Trace | 15.47
1947-48___| 4.55| .48| .87 | 1.35 .98 | 3.38| 459 | 1.28 .33 0 .19 | 18.00
1948-49_._ .90 73 16.44 | 2.53 3.99| 437| O 091 0 .08 0 19.17
1949-50___1 0 2.38| 6.96| 435| 1.82| 1.24 241 0 0 0 .43 [ 19.15
1950-51.._ 2.77 8291 398 | 197! 263 .93 731 0 0 0 0 28. 60
1951-62...] 171 8.88 110.58 ] 2.78| 3.89| 1.09 12 221 0 0 0 33.97
Rio Vista, Solano County
[Altitude 22 feet]

1802-93.._ 3151 2.31 0.99] 0.61 O 0 0.14 |._.___
1893-94.__| 0.09 2.00 | 5.61 4. 56 .35 1.23 .98 Trace 1.28 | 19.44
1894-95___| 1.91 8.36| 7.96| 2.60 .91 841 0 Trace 1.18 | 25,29
1895-96___t .1 117 | 9.01 .22 4.51 .67 0 .21 .83 | 19.76
1896-97___f 1.44 1.96 | 249 3.99 .21 |[Trace .05 .01 11 17.69
1897-98___| 1.79 1.24 | 1.26| 1.89 281 L.55 .06 0 .17 ] 8.83
1898-99_..] .70 1.47( 421 0O .28 .13 .90 Trace | 0 15.08
1899-1000_| 4.47 1.87 | 3.02 .42 .94 ) 1.39 10 0 .01 | 16.45
1900-1____| 1.59 1.35 | 3.61 5.29 1.40 .68 .06 0 .50 | 19,95
. . .47 i 5.62 .66 .52 .08 Trace | 0 14.44
2.86 1 1.47 .65 .05 |Trace Trace | O 14.34
.44 | 6.68 1.62 02 0 .20 | 2.91§23.28
2.85 1 2.72 103} 2251 0 0 .05 | 17.95
516 | 3.08 1.80 | 2.36 .53 Trace .21 | 21.30

408 | e e e 321.0

3.81 1 2.46 .18 441 0 0 0 312.0
1908-9._._ .45 1.46 | 9.10 | 6.98 0 .04 0 .44 ) 22.27
1909-10.__ i .34 492 352 141 29| 0 041 0 0 .26 ] 15.21
1910-11___ .20 2.32 | 12.48 | 2.81 4.50 .84 .13 11 0 Trace | 23.47
1911-12.__| .21 1.46 | 4.30 |Trace | 2.04 1,231 120} L11 0 1 13,04
.07 .38 1 3.00 05| 1.45 .33 51y 0 0 Trace | 7.42
1913-14___ 5381 9.54| 2.8 .62 .79 .27 .33 0 0 24. 46
1914-15___| 1.09 4.71 4.41( 48| 179 564 3.30| 0 0 Trace | 20,95
1915-16___| 0 4.97 113.12{ 2.91| 201 .06 .16 |Trace .18 .16 1 24.03
1916-17___ .99 3.43 ) L23( 3.91 .76 .36 .04 0 Trace .23 1 12.08
1017-18__.| O .92 1.03| 3.64| 3.62 .81 |Trace | 0 0 4.69 | 14.98
1918-19. __ .14 1731 118) 6791 1.35 |Trace | 0 0 Trace .41 1 13.74

" See footnotes at end of table.
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TaBLE 8.—Rasnfall, in inches, ot siz stations in and near Solano County, Calif.—Con.

‘Water | Oct. [Nov.|Deec, | Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sept. | Total
year
Rio Vista, Solano County—Continued
0.1710.05 [ 2.53 } 0.18| 0.66 | 417 | 1.08) 0 0.08) 0 Trace | 0.03 | 8.95
1.80 | 3.02 { 482 ] 4.3 .86 1.00 .56 .78 |Trace | 0 0 Trace | 17.14
.33 1.56 1479 2.8 | 420 1.52 .82 .48 .02 |Trace |Trace | © 16, 60
108|299 ) 7.03] 2.61 52 0 425 0 0 0 Trace 2.40 | 18.88
1923-24_ 2,251 .40} 1.16[ 1.63| 2.52 | 1.59 W12 031 0 0 0 0 7.70
1924-25_ 1051132 {473) 1.56 | 537 136 3.02) 2.38 .03 |Trace | 0 0 21.72
1925-26_ .20 11,05 |1.627 3.66| 578 L1610 3954 0 0 0 2{Trace {20 16.41
1926-27___121.55 | 4.40 | .77 | 2.55| 6.66 139 2.39 .18 641 0 0 0 .43
1927-28. 2.331302(315) 1.68} 1.59| 48| 1.10 .30 |Trace | 0 0 0 18.03
1928-29_ .10 13,18 | 3,63 .86 1241 1.70 .41 |Trace 931 0 0 0 12,05
1929-30. 0 2.71 4751 2.79 | 3.27 | 1.00 .04 0 0 14 | 14.81
1.68| .15} 3.83| 1.66 | 1.77 .05 100 411 0 0 0 11.98
2.23 | 8.91 1.76 | 3.37 .50 75 .38 0 0 0 0 18.35
.43 ) 2.52 ) 497 .90 1 268 0 .86 |Trace | 0 0 Trace | 12.36
0 3.73 1 139 | 4.22 .11 .38 .39 .41 0 0 .07 | 1L 70
3.8312.81 | 4.92 851 407} 4.32 010 0 Trace | 0 21. 30
.94 260 493 7.9 | L47| 151 ] Lo1 210 0 38 | 23.17
.07 1865 3.38| 528! 6.53 331 0 121 0 0 19.91
2621472 1.8 9.35} 558 1.36 01 0 0 0 20 | 26.71
58 1 L09} 2021 2.09| 3.05 19 341 0 0 0 07 | 10.24
091 .99 9.30 ¢ 7.05) 476 121 331 0 0 0 Trace | 24.32
.84 1882 5541 400 3.09| 3.43 .681 0 0 0 27.34
1,14 | 454 | 4.92 | 2.64 | 1.89 | 4.66 7510 0 0 .06 | 21.68
3221232 410 1.53| 295 1.18 .10 09 0 0 0 16. 06
3| LT 2,34 4.35 .63 1 1.39 .64 181 0 0 (] 12,14
3.59 | 2.90 .85 8251 3.21 09 .33 L03 | 0 Trace | 0 15.62
1,34 | 5.84 .63 901 L1510 0 621 0 0 0 0 12.33
3.06 | 1.43 .60 1.88 | 2.58 .05 14 321 0 0 0 10.13
.80 .62 .44 124 3.29( 239 | 173 .36 0 0 (4] 13.38
.30 | 3.48 | 1.52 1L.66| 3.63[ 0 .01 .16 .02 .05 | 11.32
W76 [ 1.79 1 4.23 | 197 1.88 .80 200 0 0 26 | 12.07
4,09 | 533 |42.78 | 2.02| 1.53 .84 68 ®2| 0 .05 .15 1 19.05
3.13 1514 | 6.8 | 1.36| 3.83 | 1.28 .06 14| 0 .05 22.89
Suisun, Solano County
[Altitude 20 feet]
B L4 DR SR NI FUSRPRIN U SSPIUR SPIIN FUUUOIE MU U 20 2002 100 {--—-__
1871-72_._| 2.13 | 1.56 |16.95 | 3.88 |25.84 [21.48| 1.09 | © 0.82 ]| 0 0 0 33.75
1872-73___ W02 (200729 641 3.29 1 134 . 60 0 0 Q (1} 15.18
1873-74._. .30 { .60 {10.29 503 | 1L25) 2.17 .91 16| 0 0 [} .08 | 20.79
1874-75___( 1.78 | 7.05 | O 7.17 .65 | 1581 0 0 55 0 [ 0 18,78
1875-76._.| .20 2.03 | 3.00 .76 12413 1.76 0 0 [} 0 Trace | 11.88
1876-77___| 2.53 | .28 | 0 412 1.87 .52 .10 091 0 Trace | 0 9. 51
1877-78___ .16 11.07(1.33{10.91 | 866 3.28 .87 200 [} 0 69 | 27.19
1878-79._.| 1.33 | .61 .16 | 3. 4061 7.70 | 1.39 1.48 L5 0 0 0 20.48
1879-80_._ .59 | 1.84 1537 L16] 1.10 96 | 7.07 851 0 (1} (1} 0 18.94
1880-81___{ 0 .02 |10.80 | 7.17 | 3.46( 1.06 | 1.41 .10 50 .79 0 31 | 25.62
1881-82___ .73 11.27 1428 1.78F 2.53 | 2.57| 1.53 141 0 [} 0 0 14.83
1882-83___ 2.4312.82| .57 1.35 .85 | 4.35 . 3.82 201 0 0 .58 1 17.85
188384 __ A5 .52 701 2.64 | 4.48) 6,33 3.78 .30 169} 0 0 Trace | 20.59
1884-85.__ .70 10 7.46 1 106} 1.25 .64 | 1.52 0241 0 0 1] .05 [ 12.70
1885-86__ . .22 110.38 | 4,43 | 8.18 [Trace | 1.87 | 4.02 151 0 0 0 29.25
1886-87__.| .49 | .22| 1.80 .82 1 6.07 .85 L74]| O 0 0 0 0 11. 99
1887-88.._| 0O .96 |1 2.79 | 428 ) 1.58( 3.97| 0 .65 30| 0 0 .70 [ 15.23
1888-89._.| 0 3.88 | 4.48 .50 .85 | 5.65 431 L4710 0 0 17.26
1889-90.__| 6.47 {3.27 (10.18 | 7.38 | 4.50 | 546 | 1.10 | 102 | © 0 0 .33189.71
1800-91.__1 © 0 2.81 .76 899 | 1.00| 2.8 947 0 0 0 1.06 | 18.41
1891-92___] 0 .27 [ 6.69 ) 1731 298| 2.05| 209 2.52| © 0 0 0 18.33
1892-93.__| 1,18 [ 3.53 | 7.06 { 4.19 | 2.27 | 3.51 72 161 0 0 0 1.11 | 23.73
1893-94___ 74127612061 633 2.29 .88 41 1.85 771 0 0 .95 119.04

See footnotes at end of table.
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TaBLE 3.—Rainfall, in inches, at six stations in and near Solano County, Calif —Con.

Water | Oct. |Nov.| Dec.| Jan. | Feb. | Mar. | Apr. | May | June | July | Aug, | Sept. | Total
year
Suisun, Solano County—Continued
1894-05...| 1.28 | 0.53 | 9.53 | 8.14 | 2,60 1.50 | 1.07| 0.66| 0 0 0 0.64 | 26.04
1895-96___iTrace | 1.73 | 1.26 | 9.57 .11 ] 3.04 | 5.53 L9541 0 0 .56 .34 | 23.08
1806-07__.| 1.44 | 529 | 2.93 | 2.47 | 516 | 4.21 .43 .03 081 0 0 .03 | 22.07
1897-08___| 2.86| .69 1209 | 1.42| 2.18 .14 .32 138 27| 0 0 .46 | 11.81
1898-99___ .88 .30} 14| 534 0 7.70 .47 .07 710 .20 0 17.11
1899-1900.| 2.57 | 3.18 | 3.52 | 4.00 .53 1 1.55( 1.48 .35 021 0 0 .02 [ 17.22
1900-1....7 .65 |4.66) 1.67 ] 4.66| 4.59 531 136 118, O 0 0 .51 | 19.81
1901-2__..| .63 13251169 1.54| 9.13) 2.37| 1.17| L01} O 0 01f{ 0 20. 80
1002-3__._| 2.40 12,59 | 1.63 | 3.64 | 171} 4.46 051 0 0 0 0 16. 48
19034 .0512.8 192 112} 650 7.52| 1.28| 0© 0 0 08| 4.65] 25.95
1904-5.._. 1.89 | 146|170 530 | 2.81 ] 298 73] 2.72| 0 0 0 0 19. 59
1905-6..._] 0 1.30| .84 68| 3.78} 876 50 2.41 631 0 0 2,26 | 25.28
1906-7__..[20 21.41 27.06 | 8.89 | 3.59 | 7.57 .38 0 1.15| 0 0 .10 | 30.15
1907-8..... .67 .06 511 3511 3.36 .94 .17 .05 (Trace | 0 0 0 13.87
1908-9_...| .22}1.46)270|11.28} 8.62| 1.65| O 0 0 0 0 53 | 26.46
1909-10__.1 1.29 | 1.35 | 4.61 | 2,99 | 1.26| 3.07 .05 021 0 0 0 .34 | 14.08
1910-11___ .25 .30 .04 (1230 157} 4.07 .88 261 0 0 0 0 19. 67
1911-12___ 01 501214 4.72 .37 232 L67) 146 611 O 0 .74 ) 14.54
1912-13_..] .46 (2.60 | .90 | 3.47 20| 1.44 .81 51 06| 0 0 0 10. 45
1913-14.._| © 549 ( 7.21 [ 12.64 | 3.36 | 1.04 | 1.20 35 311 0 0 0 3160
1914-15_._| 1.13 | .24 | 505| 491 560 | 1.98 .25 319 0 0 0 0 22.35
1915-16_..| © [ 20 I T - 3 (AR PSRN SRS PRI RSSO DRICISIR SRS INUPURIPN I S
Fairfield, Solano County
[ANitude 15 feet]

194041___151.03 | 1.32 |13.78 | 9.58 | 7.87 | 3.21 | 4.09| 2.32| 0.28( © 0 0 43.48
1941-42___| 1.13|2.74 10.73 | 538 | 6.48| 2.58| 4.34| 1.10| © 0 0 .05 | 34.53
1042-43._.] 1.09 | 4.56 ( 4.73 | 9.31 | 2.14 | 3.18| 134 0 0 0 0 26.35
1943441 .79 | .48 |2.42| 4.30| 6.35 .99 | 1.9 95 1510 0 0 0 18.33
104445 .1 1.46 | 4.46 [82.81 | 2.17} 3.31 | 3.62 .281 100} O ] 0 0 19.11
1045-46_._| 2.96 | 2.76 | 8.02 951 L7711 141} 0O 51| 0 0 0 0 18.38
1946-47 .19 12,32 | 2.24 59| 2,45 2.55 .26 .26 431 0 0 0 11.29
1947-48.__| 3.18 1 .95 | .57 .81 116 | 3.29| 3.29 94 .18 170 0 7.10 | 14.49
194849__7 .76 .74 (3.21} 1L30| 217 423 0 1 0 .02 051 0 12.59
1949-50_..1 0 1.52 | 1.63 ] 6.55| 3.13| 1.66 .71 271 0 011 0 0 15.48
1950-51.._] 2.70 | 5.52 [ 6.95§ 3.97 | 2.42 | 1.87 59 .80 1 0 0 0 .07 | 24.89
1951-528__f 1.41 | 4.84 | 8,25 | 9.00 | 2.07 | 2.68 ” .27 .40 0 0 29.69

1 Estimated from record at Sacramento.

2 Estimated from surrounding stations.

3 Estimated from records at Davis and Vacaville.

4 Excluding several days without record.

8 Oct. 1940 total includes 0.05 inch for Oct. 7 estimated from records at Vacaville and Rio Vists. _
F‘ii\go]t(lithly total includes 0.38 inch at old station 4 miles west of Fairfleld and 2.43 inches at new station in

airfield.

7 No records from June 30, 1948, through Sept. 16, 1948, September total includes 0.05 inch on Sept. 16
estimated from nearby stations.

¢ Fairfield Fire Station record.

Although the seasonal distribution of rainfall here is noticeable to
even the most casual observer, the variation from year to year is
equally important in the appraisal of water supplies. In the 103-year
period 1849-1951 the yearly rainfall at Sacramento ranged from 5.71
to 36.35 inches, or from 12.32 inches less to 18.32 inches more than
the 103-year average. During this period there were 10 years in
which less than 10 inches of rain was recorded and 7 years in which
more than 30 inches was recorded.
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The nonsystematic yet very real variation in rainfall throughout
the years is shown graphically on figure 3 for Davis and Vacaville,
in the area, and for Sacramento and San Francisco, nearby. The
upper half of this plate is a mass diagram that shows accumulated
departures of rainfall, in percent of yearly average, from the average
for the 65-year period 1886-1950, which is merely the longest period
of reliable record common to all four stations. In the construction
of the mass diagram, the rainfall for each year was first expressed as
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a percentage of the average and then as a departure from the average.
The departure for wet years was considered positive, for dry years it
was considered negative, and for average years it was, of course, zero.
These departures were then accumulated algebraically, beginning and
ending with zero at the ends of the 65-year base period. Thus, in
the upper diagram, the position above or below the zero reference
line of the segment of line representing a given year is not significant
with respect to the rainfall in that year; only the slope of the line is
significant—a rising line represents a wet year, a level line represents
an average year, and a falling line represents a dry year.

The diagram on the lower half of figure 3 shows yearly rainfall, in
inches, for progressive 10-year periods. These moving averages
smooth out the sharp variations in rainfall from year to year, yet
they do not mask important variations that extend over several years,
On this diagram, the placement of each point indicates the average
rainfall for the 10-year period represented, and the line merely gives
continuity between points. Thus, the two halves of figure 3 comple-
ment each other in their portrayal of the variation of rainfall from
year to year and for groups of years.

Because of the radical departure of the graph for Davis from the
one for Sacramento prior to about 1885, the San Francisco record
was added as a third station to assist in the evaluation of the first
two records. Figure 3 shows a remarkable correlation between the
Sacramento and San Francisco records from 1849 to about 1895 and
suggests under-registry at the Davis gage in its early years. How-
ever, since about 1885 the four station records have been much more
consistent in their general patterns.

Figure 3 shows that during the 103 years of record at Sacramento
the driest 10-year period was 1924-33 when the average rainfall was
only 12.4 inches, but that one of the wettest 10-year periods, 1935-44,
followed almost immediately with 21.5 inches. A similar pattern is
to be noted for each of the other three stations. This very startling
pattern of precipitation is reflected throughout the hydrologic picture
for Solano County, as will be brought out in the discussions of stream-
flow, water-level fluctuations, and changes in ground-water storage.

WELL-NUMBERING SYSTEM

The well-numbering system used in California by the Geological
Survey shows the locations of wells according to the rectangular
system for the subdivision of public land. For example, in the
number 7/1E-23A2, which was assigned to a well in Dixon, the part
of the number preceding the bar indicates the township (T. 7 N.);
the number and letter between the bar and the hyphen, the range
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(R. 1 E.); the digits between the hyphen and the letter indicate the
section (sec. 23); and the letter following the section number indicates
the 40-acre subdivision of the section, as shown in the accompanying
diagram. Within each 40-acre tract the wells are numbered serially,
as indicated by the final digit of the number. Thus, well 7/1E-23A2
is the second well to be listed in the NE4NEY sec. 23, T. 7 N.,R. 1 E.

D C B A
E F G H
M L K J
N P Q R

As all the Solano area is north of the Mount Diablo base line, the
foregoing abbreviation of the township and range is sufficient. Parts
of the area are in old Mexican land grants and have never been public
land; for these the rectangular system of subdivision has been pro-
jected for reference purposes only.

This system of coordinates is used also to show locations of other
features to the nearest 40-acre block. For example, discharge-meas-
uring sites along Putah Creek are listed with a “map location’” which
is identical to the well number except that it has no serial number
following the letter. Frequent use of the system is made also in
describing the location of geologic features.

GEOLOGY AND WATER RESOURCES OF THE PUTAH
AREA
GEOLOGY
ARFA OF INVESTIGATION

The area in which the geology was mapped and studied covers most
of the alluvial plains of Solano County and includes parts of two
distinct ground-water basins: the Putah area in the southwestern
part of the Sacramento Valley, and the Suisun-Fairfield area in the
southeastern part of the northern Coast Ranges.

Although the principal area of investigation was the low alluvial
plains, the adjacent hills and uplands of the Coast Ranges were also
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mapped because of their intimate relationship to the geologic and
hydrologic problems of the alluvial plains. The area investigated
also was extended about 6 miles north of Putah Creek into Yolo
County in order to determine the geologic and hydrologic conditions
in the vicinity of Putah Creek.

The Suisun-Fairfield area consists of the low-lying alluvial plains
and adjacent uplands north of Suisun Bay. It is separated from the
Putah area to the east by a group of northwestward-trending low
bedrock ridges that are geologically part of the Coast Ranges. (See
fig. 4.) Its geologic features are discussed in a later part of this
Teport.

METHOD OF S§TUDY

The geologic mapping of the Putah area was begun by G. F. Worts,
Jr., in June 1950. The areal geology was plotted on the Wolfskill,
Elmira, Winters, and Merritt quadrangles, scale 1:31,680, and on
portions of the 1: 62,500 Capay and Mount Vaca quadrangles enlarged
to 1:31,680. The mapping was extended and partially revised in the
spring and summer of 1951 by F. H. Olmsted, E. F. LeRoux, P. R.
Wood, and R. E. Evenson, using 1: 24,000 scale enlargements of the
1:31,680 quadrangles mentioned above, and an advance sheet of the
1:24,000 Mount Vaca quadrangle.

The major geologic boundaries and structure symbols were subse-
quently transferred to the 1: 62,500 Capay, Woodland, and Vacaville
quadrangles, and tracings of the geology on the new 1:24,000 quad-
rangles were reduced photographically to 1:62,500. The geology was
then transferred to the 1: 62,500 base map of the area of investigation
(pl. 1).

Numerous geologic cross sections and two peg models were prepared
to assist in structural and stratigraphic interpretations. The data
used in these sections include electric logs of gas-test wells supplied by
several oil companies, logs of water wells furnished by drillers, and
test-hole data from the U. S. Bureau of Reclamation and the Geological
Survey. Not all the geologic sections are reproduced in this report,
and many conclusions and interpretations are based on a study of the
peg models and on geologic sections not shown here.

Structures affecting only the rocks of pre-Pliocene age were not
mapped, because such structures are believed not to influence signifi-
cantly the occurrence and movement of fresh ground water.

PREVIOUS WORK

General reference material and cited references are listed at the end
of the report. The most important published reports containing
information on the geology of the Putah area are listed chronologically
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below. In addition to these published reports, reports and maps were
made available by three oil companies for study by the Geological
Survey.

Mann, C. W., Warner, J. F., Westover, H. L., and Ferguson, J. E., 1911, Soil
survey of the Woodland area, California: U. 8. Dept. Agriculture Bur.
Soils, 57 p.

Soil map of area north of Putah Creek.

Bryan, Kirk, 1923, Geology and ground-water resources of Sacramento Valley,
California: U. 8. Geol. Survey Water-Supply Paper 495, 285 p.

First geclogic work done in any detail in the Sacramento Valley, as a whole.
Also includes early hydrologic data for Putah area.

Bailey, T. L., 1931, The geology of the Potrero Hills and Vacaville region, Solano

County, Calif.: California Univ., Dept. Geol. Sci. Bull. 19, p. 321-333.
Includes a generalized geologic map of the Potrero Hills and the area south of
Vacaville, Stratigraphy has been largely revised by later workers.
Cosby, 8. W., and Carpenter, E. J., 1931, Soil survey of the Dixon area, California:
U. 8. Dept. Agriculture Bur. Chemistry and Soils, Series 1931, no. 7, 47 p.
Furnishes basis for differentiating exposures of older and younger alluvium
and pervious, moderately pervious, and impervious soils. Also includes
description of agricultural development of the Putah area.

Kirby, J. M., 1943b, Fairfield knolls gas field: California Div. Mines Bull. 118,
p. 599-600.

Discusses stratigraphy and structure of south end of Plainfield ridge; includes
log of Standard Oil Co. of California Hooper No. 1 gas well.

Stewart, Ralph, 1949, Lower Tertiary stratigraphy of Mt. Diablo, Marysville
Buttes, and west border of lower Central Valley of California: U. 8. Geol.
Survey Oil and Gas Inv., Prelim. Chart 34.

Includes several columnar sections of Eocene rocks in the Solano area.
Brief mention of Tehama formation, basalt, and Upper Cretaceous rocks.

Weaver, C. E., 1949, Geology of the Coast Ranges immediately north of the San

Francisco Bay region, California: Geol. Soc. America Mem. 35, 242 p.
Geology of Solano area south of Putah Creek. Geologic maps, scale 1: 62,500.
Mapping and stratigraphy differ somewhat from other reports on area.

Taliaferro, N. L., 1951, Geology of the San Francisco Bay counties: California
Div. Mines Bull. 154, p. 117-150.

Small-scale geologic cross sections including Putah and Suisun-Fairfield
areas. Brief discussion of geologic history.

GENERAL GEOLOGIC FEATURES
GEOLOGIC SETTING

In order to present a picture of the geologic setting of the Solano
area, the general topographic and geologic relations in the Sacramento
Valley and the adjoining hills and mountains are discussed briefly.

Great Central Valley—The Sacramento Valley, together with the
San Joaquin Valley to the south, form the Great Central Valley, or
Central Valley of California. The Central Valley is bordered on the
east by the Sierra Nevada and southernmost Cascade Range and
on the west by the Coast Ranges. The Sacramento Valley is drained
by the southward-flowing Sacramento River; a large part of the San
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Joaquin Valley is drained by the San Joaquin River, which joins the
Sacramento at Suisun Bay to discharge to the ocean through San
Francisco Bay and the Golden Gate.

Sacramento Valley—The Sacramento Valley, which is both a
topographic and a structural basin, is underlain by a thick accumula-
tion of sediments eroded from the surrounding hills and mountains by
the Sacramento River and its tributaries. The valley surface is not a
perfectly flat, featureless plain but is characterized by various types
of topography which may be grouped into geomorphic units. Figure 4
shows the distribution of these geomorphic units, as well as fringes
of the surrounding hilly and mountainous geomorphic provinces.

Parts of two geomorphic provinces lie east of the Sacramento
Valley: the Sierra Nevada on the south and the Cascade Range on the
north (Jenkins, 1943a). In a general way, the Sierra Nevada may be
considered a great block of the earth’s crust that has been uplifted
along faults on the eastern margin and tilted westward. The average
western slope ranges from about 1%° to 2°, but the surface of the hard
crystalline rocks of the Sierra block has a somewhat steeper slope
farther west beneath the sedimentary rocks of the Sacramento Valley.
(See fig. 6.)

The Cascade Range adjacent to northeastern Sacramento Valley is
a volcanic mass whose general surface slopes west-southwestward
toward the valley and is deeply incised by the streams consequent on
the constructional surface. The surface, which steepens along the
Chico monocline adjacent to the Sacramento Valley (fig. 5), is covered
by the valley alluvium to the southwest.

The Sacramento Valley floor may be divided into five geomorphic
units (see fig. 4): low hills and dissected alluvial uplands, low alluvial
plains and fans, flood plains and natural levees, flood basins, and
the Sacramento—San Joaquin delta.

The low hills and dissected alluvial uplands along both margins
of the valley are underlain by late Tertiary and early Quaternary
semiconsolidated alluvial sediments which have been slightly to
moderately tilted or folded. Topographically the uplands range from
strongly dissected hilly areas, where the relief from ravine bottoms to
hilltops may be 300 feet, to gently undulating lands having a local
relief of only 10 feet.

The low alluvial plains and fans, which are toward the center of
the valley from the dissected uplands, are relatively flat and feature-
less and are underlain by undeformed to slightly deformed alluvial
deposits brought in by the tributaries of the Sacramento River. Most
of the Putah area is in this geomorphic unit.

The flood basins, between the low alluvial plains and the natural
levees of the Sacramento River, are low, nearly flat lands that were
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FIGURE 4.—Map of the Sacramento Valley region, California, showing geomorphic units.
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poorly drained under natural conditions, when they were flooded
seasonally by the Sacramento River and its tributaries. In part these
basins still are flooded seasonally, but the areas subject to flooding
now are restricted by flood-control levees. Yolo basin, the southern-
most flood basin, lies east of the low plains of the Putah area.

The flood plains and natural levees lie along the Sacramento River
and its principal eastern tributaries, and, together with the flood
basins and parts of the low alluvial plains and fans, are the areas
where most alluvium is being deposited at present.

The Sacramento—San Joaquin delta is a region of numerous channels
and islands and was swampy under natural conditions. Most of the
swamps have been diked and drained and are now rich agricultural
lands.

The Suisun-Fairfield area is in the Coast Ranges geomorphic
province (Jenking, 1943), which is west of the Sacramento Valley.
This province is different, geologically and topographically, from the
Sierra Nevada. Instead of being a tilted block or relatively rigid
erystalline rocks like the Sierra Nevada, the Coast Ranges adjacent
to the Sacramento Valley are approximately parallel ridges of steeply
dipping sedimentary rocks that trend northward to northwestward.

GEOLOGIC HISTORY

The highlights of the geologic history of the Putah area are de-
scribed briefly. Some of the events can be deduced with a consider-
able degree of certainty, but for others the evidence is vague and
several interpretations of what occurred are possible. Other dis-
cussions of geologic history of the Sacramento Valley include those by
Diller (1906), Reed (1933), Anderson and Russell (1939), Jenkins
(1943b), and Taliaferro (1951).

Except for a few interruptions, sediments have been deposited in
the Sacramento valley since Early Cretaceous time. Upper Jurassic
sedimentary rocks are exposed in the Coast Ranges but may not
extend as far east as the southwestern Sacramento Valley.

Cretaceous history is not given here in detail, but, generally speak-
ing, a shallow marine basin existed at the present site of the northern
Coast Ranges during the Early Cretaceous. Detritus was con-
tributed from both west and east—from an old landmass west of the
present Coast Ranges, and from an ancestral Sierra Nevada, which
extended as far west as the western part of the present Sacramento
Valley. (See Diller, 1906; Reed, 1933.) As the old Sierra Nevada
was eroded the basin of deposition subsided, and the shoreline of the
sea gradually moved eastward. By the end of the Cretaceous, shallow-
water marine sediments were deposited intermittently as far east as
the present eastern margin of the Sacramento Valley.
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Marine deposition in the area of the present southern Sacramento
Valley continued during the Paleocene and Eocene, although several
diastrophisms and subsequent erosional epochs since Late Cretaceous
time resulted in the removal or nondeposition of some of the Paleocene
and Eocene section at most places. Eocene sediments probably were
deposited over a large part of the extent of the present Coast Ranges
west of the Putah area, but subsequent erosion removed nearly all
these rocks, except in places along the flanks of the ranges, as in the
English Hills.

The sea generally withdrew from the southern part of the Sacra-
mento Valley region at about the close of the Eocene epoch, and, so
far as is known, did not return, although shallow-water-marine and
lagoonal deposition may have continued sporadically during the
Oligocene and Miocene epochs. The marine withdrawal waslatest
in the southwestern part of the Putah area, where shallow seas, lakes,
and swamps existed probably during the Miocene and possibly in the
early Pliocene.

During middle or late Pliocene time the rocks of the Coast Ranges
region were faulted, folded, and uplifted, forming a moderately high
landmass. The sea withdrew entirely from the Sacramento Valley
region, and the old trough, which had been sinking steadily as it
received deposits from the sides, shifted eastward as the Coast Range
landmass rose. The Jurassic, Cretaceous, and Eocene rocks were
eroded, and a considerable volume of material was deposited to the
east in the newly formed Sacramento Valley trough. The trough
sank as fresh deposits accumulated, but the deposition kept pace with
the sinking, and the valley surface remained above sea level.

Volcanic activity occurred during the late Pliocene in the south-
eastern part of the newly formed northern Coast Ranges. Explosive
eruptions produced volcanic ash and pumice, which were in large part
reworked by streams and deposited many miles from their source.
Eastward-flowing streams deposited pumice in the western part of the
Sacramento Valley, and much of the pumice probably fell into lakes.
At several places, dikes of basalt pushed up through fractures formed
as the older sedimentary rocks were arched and folded. Some of the
basalt reached the land surface, where it flowed down stream valleys.

Deposition continued during the remainder of the late Pliocene and
probably on into the Pleistocene. The eastward-flowing streams
deposited silt, sand, and gravel while shifting their courses back and
forth across broad flood plains. The central part of the valley sank
steadily during this depositional cycle, and the earliest late Pliocene
alluvial sediments, which probably had been deposited slightly above
sea level, were perhaps as much as 2,000 feet below sea level by middle
Pleistocene time.
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Although the northern Coast Ranges probably were intermittently
elevated during the late Pliocene and early Pleistocene, erosion more
than kept pace with the rising of the land, and the mountains were
worn down to rather gentle topography by middle Pleistocene time.

During the middle Pleistocene, widespread intensive land move-
ments re-elevated the northern Coast Ranges. The alluvial sedi-
ments that had accumulated since the late Pliocene were themselves
tilted, and they were in part eroded and redeposited farther east in
the Sacramento Valley. The topography of the southwestern
Sacramento Valley region began to assume approximately its present
outline.

Deformation continued sporadically during the late Pleistocene,
and even the sediments far out in the Sacramento Valley were gently
arched, forming a low range of hills—the present Plainfield ridge—
about one-fourth the distance from the foothills of the Coast Ranges
to the Sacramento River, and north of Putah Creek. (See pl. 1.)

As deposition continued during the late Pleistocene, the hills and
mountains formed during the previous diastrophic epochs were
eroded rapidly, and large quantities of coarse gravelly material were
deposited on the plain by an ancestral Putah Creek. Fine-grained
sediments—fine sand, silt, and silty clay—were deposited at times of
flood in the interchannel areas. The creek shifted its course frequent-
ly, with the result that its gravel trains are complexly braided in the
area now known as the Putah plain.

After the deposition of the coarse-grained materials, conditions
changed to the extent that mostly silt and silty clay were deposited
over the Putah area. Deposition slowed and finally stopped almost
altogether over the southern and western parts of the Putah plain,
and the land in these areas reached a condition approaching equilib-
rium, in which little or no deposition occurred. These surfaces are
preserved today as hardpan lands, and a curious mound and depression
topography has formed over wide areas.

During Recent geologic time, Putah Creek deposited silt and fine
sand over the northern and eastern parts of the Putah plain. The
creek shifted its course many times, but in late Recent time it began
to cut vigorously in its present position. The downcutting has been
accelerated in historic time by manmade changes in the lower reaches
where the creek discharges into the Yolo basin (pls. 1 and 4).

GEOMORPHOLOGY AND STRUCTURE

The geologic structure has largely controlled the development of
the landforms of the Putah area. Therefore, the geomorphology and
the structure may conveniently be discussed together. The salient
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structural and geomorphic features are illustrated on geologic sections
E-E', A-A’, B-A’-B’, C-C’, and F-F" (fig. 7, pls. 8 and 9).

The Putah area is in the southwestern corner of the Sacramento
Valley. To the west lie the Coast Ranges, flanked by a belt of low
hills and dissected alluvial uplands. Southward lie the Montezuma
Hills; to the east is the Yolo basin (pl. 1). The Putah plain is that
portion of the Sacramento Valley bounded on the north by Dry Slough
(of Putah Creek), on the south by the Montezuma Hills, and on the
east by the Yolo basin.

In broad pattern, the eastern Coast Ranges and foothills are a
generally northward-trending belt of eastward-dipping sedimentary
rocks that range in age from Cretaceous to Pleistocene. The dips
decrease eastward, and the sediments are nearly flat lying beneath
the western Sacramento Valley. The rocks of Cretaceous age exposed
in the higher, rugged portion of the eastern Coast Ranges are very
deep beneath the Putah plain (fig. 6).

Successively younger strata are exposed eastward toward the Sac-
ramento Valley, the youngest substantially deformed sediments being
exposed along the eastern margin of the foothills. Lapping onto the
tilted sediments of the foothills are the undeformed or only slightly
deformed late Pleistocene and Recent deposits that immediately
underlie the surface of the Putah plain. The stratigraphic, or geo-
logic, units into which the rocks of the Putah area have been divided
are described in the section of the report entitled ‘“geologic units.”

Most of the streams of the Putah area rise east of the high ridge
of Cretaceous rocks marking the western boundaries of Solano and
Yolo Counties, but Putah Creek, the largest stream in the area, rises
far to the west of this ridge and flows across it in a deep, narrow
canyon.

Vace Mountains.—The easternmost high ridges of the Coast Ranges
south of Putah Creek are called the Vaca Mountains. The highest
ridge—Blue Ridge—along which lies the western boundary of Solano
County, has an altitude of 2,819 feet at Mount Vaca in 6/2W-5 (sec.
5 T. 6 N, R. 2 W.), but decreases in height southward. East of
Blue Ridge are successively lower ridges separated by canyons and
saddles, all having a nearly parallel alinement. The drainage has a
trellis pattern; the streams alternately flow northward or southward
along the strike of the zones of soft rocks, then cut eastward through
the ridges of hard rock. Putah Creek has cut across the high ridge
of the Vaca Mountains, and Cache Creek to the north also traverses
the high ridge of Cretaceous rocks in a deep, narrow canyon. Evi-
dently these larger streams antedate the last great uplift of the
northern Coast Ranges, and were able to maintain their courses to
the Sacramento Valley as the land rose.
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The north-northwesterly to northerly alinement of the topography
in the Vaca Mountains is controlled by steeply eastward-dipping sed-
imentary strata of Cretaceous age. Zones of thick-bedded hard sand-
stone form the ridges; the ravines are underlain by more easily eroded
soft sandstone, siltstone, and shale. The dips of the strata range
from about 30° E. to nearly vertical. The outerops of hard sand-
stone stand out boldly, forming prominent dip slopes at many places.

Vaca Valley—Pleasants Valley trough.—Between the high ridges of
Cretaceous rocks and the foothill belt bordering the Sacramento Val-
ley is a line of valleys that have formed on a belt of soft shale, silt-
stone, and sandstone of early Eocene age. (See pl. 1.) Vaca Valley,
which is drained to the south by Alamo and Ulatis Creeks, is the
southern part of this lowland belt or trough; Pleasants Valley, which
drains to the north into Putah Creek, and the narrow valley along
Putah Creek upstream from 8/2W-36 lie to the north.

The narrowing of the lowland belt north of Putah Creek where the
outcrop width of the Eocene rocks decreases markedly reveals the
close relationship of this lowland belt to the soft Eocene rocks. The
lowland is missing where the Eocene rocks pinch out in 8/2W-11,
but ranges in width up to nearly 2 miles in southern Vaca Valley, at
the place where the shale section of early Eocene age is thickest.

At most places in Pleasants and Vaca Valleys, the soft sedimentary
rocks of Eocene age are covered by several feet or tens of feet of
alluvium. The upper end of Pleasants Valley is now about 60 feet
lower than the upper end of Vaca Valley, and Pleasants Creek is
gradually cutting southward and capturing Vaca Valley drainage.

The drainage pattern of Vaca Valley is rather peculiar. Ulatis
Creek crosses the valley near the upper end, then flows along the
eastern margin to Vacaville, at which point it turns eastward and cuts
across the low ridges of Eocene rocks and the Tehama formation and
related continental sediments. Alamo Creek enters the valley about
2 miles south of Ulatis Creek, but instead of crossing the valley to
join Ulatis Creek, it flows along the western margin of the valley to
a point about 1% miles south of Vacaville, where it also turns east-
ward across the valley, the ridges of Eocene rocks, and the Tehama
formation and related continental sediments.

English Hills.—The English Hills form a roughly oval area east of
the Pleasants Valley—Vaca Valley trough, from Putah Creek to Vaca-
ville. Topographically and structurally, the hills may be divided
into two areas: a higher western belt of eastward-dipping consolidated
and semiconsolidated sedimentary rocks of Eocene age, capped by
basalt in the vicinity of Putnam Peak in the west-central portion (pl.
2); and a lower eastern belt of dissected uplands sloping gently east-
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ward, formed on the Tehama formation and related continental
sediments.

The drainage pattern of the hills is extremely asymmetrical; the
divide generally follows a ridge of sandstone of Eocene age very near
the western margin of the hills. The average altitudes of the summits
along the divide range from about 600 to 900 feet, although Putnam
Peak, a sharp knob capped by basalt, has an altitude of 1,224 feet.
Some of the higher hills south of Putnam Peak also are capped by
basalt. Most of the drainage to the east is by small streams that
flow only after rains during the wet season—McCune Creek, Pleasant
Creek (not to be confused with Pleasants Creek), Dry Arroyo, Sweeney
Creek, English Creek, and smaller, unnamed, streams (pl. 1). These
streams all have narrow flood plains which widen on the east, where
they merge with the Putah plain.

The eastern belt of dissected uplands is about 4 miles wide just
south of Putah Creek, but it narrows southward and is nearly absent
east of Vacaville. The uplands are underlain by gently eastward-
dipping semiconsolidated to unconsolidated silt, sand, and gravel of
the Tehama formation and related continental sediments. The
southward narrowing of this belt is due largely to the steeper dips
in the Tehama formation at the south. The topographic and struc-
tural break between the higher western belt and the lower eastern
belt is most abrupt in the central area (compare geologic sections
D-D’ and B-4’-PB’, fig. 7 and pl. 8).

The highest and most rugged part of the English Hills—the vicinity
of Putnam Peak—is structurally the most complex (pl. 2). Local
faulting and folding, probably related to the extrusion of the basalt
in this area, is superimposed on the generally eastward-dipping
regional structure. The geologic map of the northern English Hills
(pl. 2) and geologic section D-D’ (fig. 7) illustrate some of the struc-
tural features. The basalt at Putnam Peak dips about 30°-35° E.,
about the same as the dip of the underlying Eocene rocks, but flattens
farther east and even dips slightly westward about half a mile east
of the peak. (See pl. 3.) The area from about 2,000 to 6,000 feet east
of the peak is a broad structural terrace, or perhaps an anticline of
very slight closure. The flattening of dips is not restricted to the
basalt exposures; the Eocene rocks as far as 2 miles south of the
basalt show a similar flattening. Farther east, the dips of the Eocene
rocks and the basalt steepen to 45°-55° E., but the dips flatten again
farther east to about 15° at the outcrop of the base of the Tehama
formation and to about 6° at the east end of section D-D’ (fig. 7).

Two faults cross the line of section D-D’; a, third parallels the line
of section about 500-1,000 feet to the north. One fault, which crosses
the section about a mile east of Putnam Peak, appears to displace
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the base of the basalt about 100-150 feet downward on the east side.
The other, which crosses the section 1,500 feet farther east, is g fairly
large fault which curves northwestward, then northward, north of
the line of section. This fault, which also crosses sections B-A’-B’
and C-C’ (pls. 8 and 9), appears to displace the northeastern block
about 600 feet upward relative to the southwestern block. The
location of the southeastern end of this fault is not certainly known,
but it may terminate against the first-described fault in 7/1W-19E.
The third fault, which does not appear on the geologic section, marks.
the northern edge of the basalt at Putnam Peak.

Foothills north of Putah Creek.—The regional trend of nearly
northerly strikes and easterly dips continues north of Putah Creek,
where the early Tertiary sedimentary rocks disappear at the surface
(pl. 1). The topographic break between the higher, rugged Coast
Range ridge and the lower, gentler topography of the foothills is
approximately along the contact of the Tehama formation and the
underlying rocks of Cretaceous age.

Putah Creek flows southeastward along a reach of about 3 miles
downstream from Putah Canyon. The ridge east of this reach is
underlain by basal conglomerate and tuff beds of the Tehama forma~
tion. The dip of the basal beds of the Tehama, which is 10°-15°
where Putah Creek turns eastward and cuts across the south end of
this ridge in 8/2W-36, steepens northward.

For a distance of about 4 miles between Putah Creek and Enos
Creek (pl. 1), the dips of the basal beds of the Tehama average
between 30° and 60° E., and vertical or even overturned beds are
not uncommon. This zone of steep dips is marked topographically
by a serrate low ridge east of the high ridges of Cretaceous rocks north
of 8/2W-23. Faults parallel to the strike of the bedding at or near
the base of the Tehama formation from 8/2W-36 on the northeast.
side of Putah Creek to 8/2W-14 may have some relation to the steep.
dips of the strata in this area.

The small triangular exposure of the Tehama formation in 8/2W-
23Q and 26B evidently is either a downthrown fault block or a large
landslide that moved downslope almost intact. The structure in this.
vicinity is complicated, however, and detailed study of it was beyond
the scope of the present investigation.

East of the zone of steep dips in the basal part of the Tehama
formation, the beds flatten abruptly to dips of 10° and less. In places,
this flattening is abrupt, and faults occur along the breaks in dip.
The dip of the Tehama flattens eastward, and most of thebroad
foothill belt is underlain by beds of silt, sand, and gravel dipping less.
than 5°. The low dips, together with the alternation of hard and

463671—60—4
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soft strata, produce a series of “‘steps’’ or structural terraces decreasing
in altitude eastward. This feature will be discussed further in the
description of the Tehama formation and related continental sediments.

Southwest of Winters a broad area of the foothills has been cut out
by Putah Creek, probably in very late Pleistocene and Recent time.
At one time, the creek seems to have been north of its present channel
and to have cut a bluff in the Tehama formation having a broad
arcuate plan (pl. 1). A similar arcuate bluff has been cut south
of the present channel in 7/1W—4, about 3 miles south of Winters.

Two small hills remain above the alluvial plain between the present
Putah Creek channel and the bluffs to the north. The eastern hill, in
8/1W-28, has a remarkably straight and steep west slope parallel to
the strike of the exposed strata. The sediments are similar to the
lower part of the Tehama formation, although the hill is too far east
to represent an exposure of the lower part of the Tehama, unless a
fault is present. It is therefore postulated that the hill is part of an
uplifted block and that the straight west hill slope is a fault or faultline
scarp.

North of Winters, the east margin of the foothills is remarkably
straight and abrupt. The dip of one exposed gravel bed steepens at
the margin of the hills, and the dips of the underlying fine-grained
strata appear to steepen also. This marginal steepening becomes
accentuated going north, indicating either a monocline whose degree
of flexure increases to the north, or a hinge fault whose displacement
increases northward, or possibly both. Bryan (1923) has, in fact,
postulated a fault along the margin of the hills between Putah and
Cache Creeks; the inferred position of the buried fault trace is shown
on plate 1.

Plainfield ridge—North of Putah Creek and about 6-8 miles east
of the margin of the foothills is a chain of low hills known as the
Plainfield ridge (Huberty and Johnston, 1941) or Fairfield Knolls
(Kirby, 1943b). In order to avoid confusion with the Suisun-
Fairfield area to the south, the name Fairfield Knolls is discarded,
and the hills are herein designated the Plainfield ridge.

The southern part of the Plainfield ridge—the part within the
area shown on plate 1—is nearly buried by alluvium; the disconnected
hills rise only 10-25 feet above the alluvial plain. The hills are
gently rounded and soil covered, but where exposed in streambanks,
roadcuts, and quarries the sediments appear to be similar to those
exposed in the foothills to the west.

The Plainfield ridge has been interpreted as the topographic expres-
sion of an anticline (Kirby, 1943b). The alinement with the Dunnigan
Hills to the north, evidence from seismic surveys, information from
gas wells, and data on water levels in wells all support this interpreta~
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tion. The anticlinal axis appears to trend about south and to have
a southward plunge, although the hill pattern suggests that the axis
may curve to the southeast just north of Putah Creek, as shown on
plate 1. The hills do not continue south of Putah Creek, although
seismic evidence suggests that an anticline continues southward
beneath the alluvium.

More will be said later about the evidence for the Plainfield ridge
anticline and its influence on the movement of ground water across
the Putah area.

The Putah plain.—Putah Creek is the southernmost important
tributary of the Sacramento River, although several small streams
farther south, such as Sweeney, Alamo, and Ulatis Creeks, also may
be considered tributaries of the Sacramento. (See fig. 1.) Actually,
.all these streams, including Putah Creek, discharge into the Yolo
basin rather than directly into the Sacramento River; the water
that accumulates in the basin moves slowly southward and discharges
into the Sacramento north of the Montezuma Hills, much of it through
‘Cache Slough.

Putah Creek and the smaller streams have constructed an alluvial
plain which slopes eastward and southeastward from the foothills to
the Yolo basin. This plain, which is herein designated the Putah
plain from the principal stream that has constructed it (fig. 1 and
pl. 1), is bordered on the south by the Montezuma Hills, and on the
southwest by a chain of low ridges of Eocene rocks. Northward, the
Putah plain merges almost imperceptibly with a plain that has been
built by Chickahominy Slough and other small streams between
Putah and Cache Creeks.

Along Putah Creek, the Putah plain slopes eastward at an average
.gradient of a little more than 6 feet per mile from Winters to the
Yolo basin. To the south, the direction of slope changes gradually
to southeastward. The slopes generally flatten away from the
foothills. (See pl. 1.)

Chickahominy Slough bas constructed a small alluvial fan north
of Putah Creek, but for a considerable distance south and east, Putah
‘Creek has deposited most of the material that forms the plain. Dry
Slough, a distributary channel of Putah Creek, marks the south edge
of the Chickahominy fan from about a mile north of Winters to the
Plainfield ridge, 2 miles north of Stevenson Bridge. This distrib-
utary, which evidently marks the northern limit of Recent deposition
by Putah Creek, crosses the Plainfield ridge and continues
northeastward.

From Dry Slough south, a large part of the Putah plain is traversed
by a branching set of distributary ‘“‘channel ridges,” so named because
the channels are incised in broad, gently sloping ridges or natural
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levees. Most of the channels are incised to depths of 2-10 feet, but
the present channel of Putah Creek is cut as much as 40 feet below
the adjacent plain. Some of this cutting has taken place since the
advent of man, however. (See p.109.) It may be significant that the
reach of deepest cutting is not at the head of the plain near Winters,
but near the Plainfield ridge. (See pl. 4.)

The westernmost channel ridge—Dixon Ridge—is probably the
western limit of deposition by Putah Creek during Recent time.
Dixon Ridge branches from the present channel of Putah Creek just.
south of Winters, trends eastward about 4 miles, then turns south
and passes about 2 miles west of Dixon. Cache Slough appears to.
be a southeastern extension of the Dixon Ridge drainage.

The Recent deposits of Putah Creek and the pattern of the channel
ridges are indicated by the permeable soils shown on the soil map of
the Solano area (pl. 19). The change to relatively impermeable soils.
to the southeast is reflected topographically by flatter land-surface
gradients and by a set of anastomosing shallow channels which finally
coalesce in the swamps of the southern part of the Yolo basin.

A large part of the area west of Dizon Ridge is underlain by hardpan
lands characterized by a peculiar mound and depression topography
having poor surface drainage. Almost no deposition and very little
erosion are taking place in these areas, which coincide with the ex-
posures of older alluvium (pl. 1). The surface drainage is not well
integrated, and numerous shallow intermittent lakes dot the land-
scape north of the Montezuma Hills. (See pl. 1.)

Several low arcuate ridges stand 10-20 feet above the alluvial plain
south and east of Elmira. These are clearly not channel ridges; in-
stead, they appear to be erosional remnants of older sedimentary
material, probably the Tehama formation and related continental
sediments. The peculiar long and narrow curved shape of these ridges
is difficult to explain; probably they are erosional remmnants, and
possibly they have a structural origin.

Montezuma Hills.—The Montezuma Hills, whose north edge marks.
the southern boundary of the Putah area, are an uplifted block of soft
alluvial sediments of late Tertiary and Quaternary age. Although the
hills are rather severely dissected, the summits are rather flat and are
of roughly accordant height. The restored surface slopes northward
from altitudes of 200 to 300 feet in the southwest to between 25 and 50
feet where the hills merge with the Putah plain on the north.

GEOLOGIC UNITS

The geologic history, structure, and geomorphology of the Putah
area have been discussed briefly. The rocks will now be described in
greater detail, with particular emphasis on their lithology, water-
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bearing character, and correlation with geologic formations named
and described by previous writers.

The rocks in the Putah area range in age from Cretaceous to Recent.
The younger rocks—sediments that have been deposited on land and
in lakes and swamps since the sea withdrew from the Sacramento
Valley region—now contain fresh water and are by far the most im-
portant source of ground water in the Putah area. They have been
divided into five geologic (stratigraphic) units, from youngest to oldest:
stream-channel deposits, younger alluvium, older alluvium, Tehama
formation and related continental sediments, and volcanic sedi-
mentary rocks. Of these five units, two—the Tehama formation and
related continental sediments, and the older alluvium—are important
as ground-water reservoir rocks, and most of the wells in the Putah
area derive their water from these sediments.

The older geologic units are unimportant as sources of ground water,
and detailed mapping and subdividing of these units was beyond the
scope of this project. Accordingly, several formations of Eocene,
Paleocene(?), and Cretaceous age, which have been described and
mapped by other workers in the area, have been assembled in two
geologic units: undifferentiated sedimentary rocks of Eocene age
(locally including rocks of Paleocene(?) age, and undifferentiated rocks
of Cretaceous age. These two groups are described very briefly. A
third unit, basalt, is of exceedingly restricted extent, and is of no
importance as a present or possible future source of ground water.

The thickness, character, and water-bearing properties of the
various geologic units are summarized on page 44, their areal extent
is shown on plate 1, and their subsurface distribution and character
are shown on figure 7 and plates 4-9. The inferred correlations of the
units exposed in the Putah and Suisun-Fairfield areas with the units
identified in gas wells in the south-central Sacramento Valley and the
formations exposed in the Mokelumne area on the east side of the
valley are shown on page 46.

STREAM-CHANNEL DEPOSITS (RECENT)

The stream-channel deposits, as defined here, are coarse sand and
gravel of Recent age along the channel of Putah Creek west of Winters.
Similar coarse deposits occur along the channels of other streams
throughout the Putah area, and also along Putah Creek east of
Winters, but as the exposures of these other deposits are too small to
be shown adequately on the 1:62,500-scale geologic map, they are
mapped as younger alluvium,

The channel deposits are being alluviated at present, and they are
constantly shifting and moving downstream during floods. The
flashboard dam at Winters has undoubtedly modified the regimen
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along Putah Creek west of Winters. Sand and gravel that un-
doubtedly would have moved downstream have accumulated behind.
the dam to a thickness of perhaps 10 feet.

About 2% miles west of Winters at the Sackett dam site of the
U. S. Bureau of Reclamation, 2 drill holes in the channel of Putah
Creek penetrated about 42 feet of coarse deposits overlying the
Tehama formation (Reiche, 1949). This thickness probably does not.
consist entirely of stream-channel deposits, however; perhaps the.
greater proportion of the material is older alluvium. (See section
H-H’,pl.4.) At the Pleasants dam site about 1% miles farther west,
in 8/2W-36K, about 20 feet of loose gravel and sand were reported to:
overlie the Tehama formation in 2 drill holes placed in the present.
channel of Putah Creek (Reiche, 1949). Farther upstream, the
deposits feather out and become more irregular in their distribution;
bedrock, consisting of hard sandstone and shale of Cretaceous age, is
exposed at many places above 8/2W-26C.

Although the stream-channel deposits are highly permeable, no:
water wells have been drilled in them, chiefly because of their unfavor-
able position and their undesirability as agricultural land. The
hydrologic value of the channel deposits of Putah Creek above Winters.
is their function as a ground-water intake area.

YOUNGER ALLUVIUM (RECENT)

Except for the stream-channel deposits just described, the alluvium
of Quaternary age in the Putah area has been divided into two geologic
units, younger alluvium and older alluvium.

The younger alluvium is of Recent age and consists predominantly
of flood-plain deposits underlying the Putah plain, Vaca Valley,
Pleasants Valley, and the small valleys in the foothills north of Cache
Creek and in the English Hills. The older alluvium is of late Pleisto-
cene age and represents an earlier depositional c¢ycle than the younger
alluvium,

Soil characteristics have been used to distinguish the younger
from the older alluvium at the land surface. The Bureau of Chem-~
istry and Soils of the U. S. Department of Agriculture has published
two reports (Carpenter and Cosby, 1930; Cosby and Carpenter, 1931)
covering most of Solano County, and an earlier report (Mann, Warner,.
Westover, and Ferguson, 1911) includes the portion of the Putah
area in Yolo County. The maps that accompany those reports show
the areal distribution of the soil types. The boundary between the
younger alluvium and older alluvium on the geologic map (pl. 1) is
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slightly modified from boundaries shown on the soil maps, using the
-grouping shown below.

Soil series on the younger alluvium Soils series on the older alluvium
Yolo Olcott
Zamora Solano
Esparto Antioch
Capay
Clear Lake
Sacramento
Egbert

The soils on the younger alluvium show little or no profile develop-
‘ment, in contrast to the soils on the older alluvium, which show well-
developed profiles. The reason for this difference is that the younger
alluvium is now being deposited, and because of the continual addition
-of fresh material, there has been insufficient time for profile develop-
ment. However, little or no deposition is taking place where the
older alluvium is exposed at the land surface, so the soils there have
had time to develop marked profiles.

YOUNGER ALLUVIUM OF THE PUTAH PLAIN

Essentially all the Putah plain east of Winters and the Dixon
Ridge is underlain by a thin deposit of younger alluvium. Tbe best
-exposures of the younger alluvium on the Putah plain are in the
banks of Putah Creek from Davis to Winters. Pale-brown to grayish-
‘brown massive sandy silt is most common. The contact with the
underlying grayish-orange ill-sorted silt that marks the top of the
older alluvium is abrupt and distinet at most places and probably is
an erosional surface. Logs of water wells that start in the younger
alluvium in the Putah plain list as much as 35 feet of soil, silt, or
sandy clay, although the usual thickness of the younger alluvium is
10-20 feet. (See pls. 4 and 5.) The younger alluvium probably
thins gradually to a featheredge at the land-surface contacts with the
older alluvium.

The uniformly sorted silty materials composing most of the younger
alluvium are flood-plain deposits of Putah Creek and the smaller
streams that drain the foothills west of the Putah plain. Putah Creek
now flows in a channel incised as much as 40 feet below the Putah
plain, but some of this cutting has taken place within historic time.
(See p. 109.) The land surface slopes away from both banks of the
creek, forming a channel ridge, which suggests that the creek has
topped its banks and deposited silt during floods in Recent geologic
time.

Well-defined channel ridges that traverse the Putah plain in the
vicinity of Dixon mark distributaries of Putah Creek during the
Recent epoch, although they have not been occupied by the creek in
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historic time. The westernmost channel ridge, Dixon Ridge, marks
the western limit of deposition of younger alluvium by Putah Creek
south of its present channel. The material composing the ridges
is reported in well logs as soil or silt, which at most places is from
5 to 20 feet thick. (See pl. 5.) This material overlies clay, sand, or
gravel that is probably older alluvium.

YOUNGER ALLUVIUM OF PLEASANTS AND VACA VALLEYS

The younger alluvium in Pleasants and Vaca Valleys is predomi-
nantly a uniform silty sand and sandy silt that in many places contains
.cobbles and boulders of hard sandstone of Eocene and Cretaceous age.
The alluvium is as much as 40 feet thick in upper Pleasants and Vaca
Valleys, where it overlies siltstone, shale, and fine-grained sandstone
of Eocene age. In places, such asin lower Pleasants Valley in 7/2W-1,
the streams have cut through the alluvium and are cutting down in
the underlying Eocene rocks. The reasons for this condition are not
known certainly, but, in lower Pleasants Valley, it appears that the
base level for Pleasants Creek, that is, the junction with Putah Creek,
has been lowered rapidly in rather recent time. The several low
terraces along Putah Creek between Winters and the Putah Creek
Canyon offer evidence for this change in base level. The terraces
are underlain by loose silt, sand, and gravel that were probably de-
posited in late Recent time at intervals during the downcutting that
has resulted in the deep entrenchment of Putah Creek east of Winters.

WATER-BEARING CHARACTER

The younger alluvium of the Putah plain, largely silt and fine sand,
is less than 25 feet thick at most places and is generally above the
saturated zone. The soils of the Yolo series, which are extensively
developed in the younger alluvium around Dixon and Winters (pl. 19),
are relatively permeable, and percolation rates are moderate to high.
However, in the eastern and southeastern parts of the plain, the soils of
the younger alluvium are rather fine grained ; surface drainage is poor,
and percolation rates are low.

The alluvial deposits are more than 40 feet thick in Vaca Valley
but may be, in part, older alluvium. Maximum yields reported in
Vaca Valley for 16 wells ranging in depth from about 50 to 70 feet
averaged about 100 gpm (gallons per minute). Most of the wells are
used for domestic and small irrigation supply and are 6~8 inches in

diameter.
OLDER ALLUVIUM (PLEISTOCENE)

DEFINITION
As herein defined, the older alluvium of the Putah area is a sequence
of heterogeneous fluviatile deposits occupying the stratigraphic inter-
val between the younger alluvium (Recent) and the Tehama formation
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and related continental sediments (Pliocene and Pleistocene). The
contact with the overlying younger alluvium is a disconformity as
revealed in the channel banks of Putah Creek between Winters and
Davis. Near the hill margins the nearly flat-lying older alluvium
unconformably overlies the gently deformed beds of the Tehama,
but beneath the central and eastern Putah plain the contact may be
conformable.

Exposures of the older alluvium are characterized by mature soils
containing a dense B horizon. The soils of the younger alluvium, on
the other hand, are relatively immature and lack strong profile de-
velopment.

Near the foothills the older alluvium may readily be distinguished
from the Tehama formation and related continental sediments. The
bedding planes in the older alluvium are nearly horizontal, whereas
the beds in the Tehama dip valleyward at low angles; the nearly flat
surface of the older alluvium contrasts with the hilly to gently sloping
surfaces in the exposures of Tehama formation. Moreover, the
Tehama formation and related continental sediments appear to be
somewhat more indurated or compacted than the older alluvium,
although the change is gradational at most places.

Unfortunately these criteria are not applicable to a determination
of the subsurface contact between the older alluvium and the Tehama
formation and related continental sediments. The lithology of these
two units is so similar that they cannot definitely be differentiated
by means of the available well-log data. However, somewhat tenuous
and indirect geologic and hydrologic evidence suggests that the
combined thickness of older and younger alluvium ranges from about
50 feet to 150 feet throughout most of the Putah plain, and a tentative
assumed base of the older alluvium is given in a few well logs (table 4)
and is shown on geologic sections H-H'’, J-J’, and K-K’ (pls. 4 and 5).

AGE AND CORRELATION

The only fossils found in the older alluvium were vertebrate remains
in a bed of compact, ill-sorted silt exposed along the channel of
Putah Creek downstream from Winters. (See pl. 4.) The silt
disconformably underlies the younger alluvium and is therefore the
youngest bed in the older alluvium near the creek.

D. E. Savage, of the University of California, Department of
Paleontology, identified the fossils as follows (written communica-
tion, January 1951):

8/1E-15M (About 3% mile west of Stevenson Bridge.) Paramylodon cf. P.
harlani (Owen)-humerus. Not known from any assemblage other than
late Pleistocene ones (Rancholabrean) in California, but found in earlier

Pleistocene (Irvingtonian) and late Pliocene (Blancan) in the Mid-
continent and Southwest.
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8/1E-17L (About 2 miles west of Stevenson Bridge.) Larger limb bones
and ribs-Proboscidean—possible mastodon. Could be either Pleistocene
or Pliocene.

8/1E-17N (About 2Y% miles west of Stevenson Bridge.) Fragments of
pelvis—possibly ground sloth.

Proboscidean tusk fragments to which generic classification could
not be assigned also were found at the localities listed above. The
age of the collection cannot be assigned closer than late Pliocene to late
Pleistocene. However, a horse tooth that was found in sediments
probably belonging to the Tehama formation, exposed in a gravel
quarry in 8/1E-4H about 2 miles north of Stevenson Bridge, was said
by Savage to be possibly earlier Pleistocene (Irvingtonian). Because
the fossiliferous silt along Putah Creek unconformably overlies the
sediments exposed in the quarry, it probably should be assigned to
the upper Pleistocene.

Several lines of evidence suggest that the older alluvium of the
Putah area is coeval with the Victor formation to the east, in the
Mokelumne area. (See Piper, Gale, Thomas, and Robinson, 1939,
p. 48-49.) Like the older alluvium, the Victor is undeformed, is not
not being alluviated at present, and is characterized at the land surface
by soils having mature profiles. The Victor formation is said to be
probably late Pleistocene, because it was deposited after the early
or middle Pleistocene uplift of the Sierra Nevada, and because
fragmentary vertebrate fossils of probably Pleistocene age were found
in the formation at two localities in and near the Mokelumne area
(Piper, Gale, Thomas, and Robinson, 1939, p. 49).

On the basis of the meager available evidence, it is concluded
that the older alluvium is Pleistocene.

EXTENT AND CHARACTER

Unlike the underlying Tehama formation and related continental
sediments, only a small thickness of the older alluvium is exposed at
any one place. The charactersitics of the older alluvium described
in the following pages have been determined largely from a study of
subsurface data that include drillers’ logs of about 400 water wells,
geologists’ descriptions of cores and cuttings from shallow observation
holes along the Putah Creek channel, and geologists’ descriptions and
laboratory analyses of cores and cuttings from observation wells
drilled for pumping tests at two localities and from a water well
drilled by the U. S. Bureau of Reclamation about 4 miles southwest
of Dixon. Many of these data are shown graphically on geologic
sections H-H', J-J’, and K-K’, and the Putah Creek profile (pls.
4 and 5), and table 4 contains a few selected well logs and descrip-
tions of test-hole samples. Unfortunately, most logs of water wells
give only a fragmentary description of the materials penetrated; most
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drillers do not describe such features as color, degree of size sorting
or cementation, or mineralogy. However, it was possible to use a
few of the more complete drillers’ logs and the data from the several
test holes to interpret the more numerous but less detailed logs so as to
indicate reasonably well the nature of the older alluvium. The peg
model of the Putah area was of great assistance in visualizing the
three-dimensionsl picture.

The older alluvium of the Putah area consists of relatively fine-
grained deposits that enclose lenses, tongues, and tabular bodies of
coarse, gravelly materials. Drillers generally report the fine-grained
deposits as “clay,” although most of these materials probably range
from silty clay to silty fine sand.

In making computations of average specific yields for the ground-
water storage units of the Putah area (tables 26 and 27), it was ascer-
tained that materials reported as clay or sandy clay make up well
over half the total thickness in the 20- to 50-foot and 50- to 100-foot
depth zones in all the storage units except the Winters area (Al on
pl. 19), where the proportion of “clay’” in the 20- to 50-foot zone is
slightly less than half. The proportion of “clay’ in the other storage
units averages about two-thirds but is more than nine-tenths in the
20- to 50-foot depth zone in the Davis-Solano unit (B5 on pl. 19)
south of Putah Creek near Davis. Clearly, the fine-grained deposits
predominate in most of the older alluvium of the Putah area.

One of the fine-grained beds in the older alluvium that is of par-
ticular geologic and hydrologic significance is exposed continuously in,
the channel of Putah Creek from about half a mile downstream from
Winters to the vicinity of Yolo Bypass. This bed, which contains.
the bones of Pleistocene mammals, was explored with test holes
bored by hand auger. One of the bones is shown on plate 6. The
logs of the test holes are illustrated on plate 4, and four of the logs
are listed in table 4.

As indicated by the logs of test holes and exposures along the chan~
nel banks, the material is somewhat variable in texture, although it.
is uniformly tough and compact. In texture it ranges from fine silty
clay to silty fine- to medium-grained sand containing pebbles; the
colors are yellowish gray, grayish orange, and yellowish brown..
Nodules and seams of white calcareous material commonly called
caliche are abundant in the exposures and were found at depths of’
more than 20 feet in some of the test holes. (See logs of wells 8/1W—.
14R2, 8/1E-15L1, 8/2E-20R1, and 8/3E-19N1 in table 4) Many
small holes that probably are old worm borings and root paths are:
partly filled with caliche.

The most abundant lithologic type is & moderately to poorly sorted
silt which is sufficiently compact and tough to stand in the walls of’
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long furrows as much as 4 feet deep where it has been scarified by the
creek. Falls as much as 5 feet high have been cut into the bed, as
shown on plate 6. The larger grains, fine- to medium-grained sand,
are not abundant; silt and clay are the predominant fractions.

Somewhat finer grained materials—eclayey silt and silty clay—are
only slightly less abundant than the poorly sorted silt and may, in-
deed, be predominant east of Stevenson Bridge.

Silty fine- to medium-grained sand seemingly occurs as irregular
lenses in the finer grained deposits; the lenticularity of the strata is
revealed by the different sequence of materials in adjacent test holes
as close as 400 feet apart. (See graphic logs of 8/1W-24A1 and 24A2,
pl. 4.)

The top of the silt ranges from 15 to nearly 40 feet below the surface
of the plain adjacent to Putah Creek—that is, as much as 25 feet above
the channel bottom. (See pl. 4.) Loose, coarse-grained sand and
gravel was reached less than 5 feet below the channel bottom in test
hole 8/1W-24A1 about 3% miles downstream from Winters, but
generally the coarse deposits underlying the silt and silty clay are at
depths of more than 15 feet (pl. 4). Test hole 8/2E-20R1 at the
bridge on U. S. Highway 40 bottomed in fine sandy silt 30 feet below
the channel bottom (see pl. 4 and log in table 4), and logs of nearby
water wells indicate that the top of the underlying coarse-grained
deposits may be as much as 60-70 feet below the channel bottom
(pl. 4).

Logs of most water wells near Putah Creek between Winters and
Dayvis list 10-50 feet of the silt (generally described as ‘“clay”) ex-
posed in the channel, although some wells south of the creek, such as
8/1E-19L1, penetrate sand or gravel below the sandy silt of the
younger alluvium. The silt of the older alluvium cannot be corre-
lated definitely more than 2-3 miles from the creek on either side;
probably it is not a continuous sheet beneath the Putah plain but
grades laterally into coarse-grained deposits. From this relationship
it is inferred that the silt is a slack-water flood-plain deposit laid down
when Putah Creek was depositing sand and gravel along its channel
elsewhere.

Beds of compact yellowish-brown silt and silty clay similar to the
material exposed along Putah Creek are reported in the logs of most
wells throughout the Putah plain and are exposed in stream banks in
the large area between Dixon Ridge and the English Hills. The
general distribution of these fine~-grained beds is illustrated on geologic
sections J-J’ and K-K’ (pl. 5), and the well logs in appendix C de-
scribe their character. Particularly detailed descriptions of fine-
grained older alluvium and the Tehama formation and related con-
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tinental sediments are given in logs of wells 7/1E-32H6 (table C-1)
and 8/2E-22L1 (table 6).

The remainder of the materials making up the older alluvium in
the Putah area consists in large part of mixed sand and gravel; clear
sand without fragments of pebble size or larger is uncommon., Most
well drillers describe these deposits as “gravel,” but it is believed
that clean gravel is rare and that ‘“‘gravel and sand” or ‘“sand and
gravel” would be a more accurate description. (See table 4 and ap-
pendix C.)

At most places the sand and gravel is less abundant than the fine-
grained sediments; the sand and gravel averages about one-fourth of
the total thickness of the older alluvium in the Putah area. The
proportion of sand and gravel in the older alluvium generally de-
creases eastward and southeastward from Winters, which suggests
that most of these coarse deposits were laid down by Putah Creek.

Sand and gravel beds are extensive beneath the permeable soils in
the triangular area between Winters, Davis, and Dixon. (See pl. 19.)
Although many of the coarse-grained beds apparently can be traced
several miles eastward and southeastward from the vicinity of Winters
(pls. 4 and 5), the peg model of the Putah area indicates that most of
them are broad interlacing tongues rather than continuous sheets.
During the late Pleistocene, Putah Creek cut out a broad embayment
in the foothills west and southwest of Winters, then backfilled this
area with alluvium. East of Winters Putah Creek constructed the
broad valley plain, shifting its course from time to time. At times
the creek flowed approximately eastward as it does now, as indicated
by the coarse gravelly beds beneath the silt along the present channel
(pl. 4). At other times, however, it lowed southeastward and even
southward. Rather well-defined tongues of gravel can be identified
as far west as Dixon Ridge, and they probably extend even farther
west in places.

Because of the periodic shifting of the course of Putah Creek during
the late Pleistocene, the depth of the gravels varies from place to
place, as does the proportion of coarse material in the older alluvium.
This variation makes it difficult to identify the base of the older
alluvium or other horizons within it.

Test-hole data supplied by the Bureau of Reclamation indicate
that the base of the older alluvium is marked by a gravelly section
whose bottom is approximately 50-60 feet below the land surface in
the foothill embayment west and southwest of Winters (pl. 4). A
generally coarse zone beneath the silt exposed in the channel of
Putah Creek can be traced eastward and southeastward from Winters,
although the depth and thickness of this coarse-grained zone varies
from well to well, and it may even be missing in a few wells.
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In general, the depth of the base of the coarse zone that marks
the probable base of the older alluvium increases eastward and south-
eastward from about 60 feet near Winters to approximately 130 feet
near Dixon and Davis. (See log of well 8/2E-22L1 about 1.6 miles
south of Dayvis, table 4 and pls. 4 and 5.) East of Davis and southeast
of Dixon the depth to the bottom of the coarse basal zone may exceed
150 feet, as suggested by several well logs. As mentioned earlier, the
gravelly beds are not continuous blankets, however, and precise
correlation of the base of the older alluvium from well to well using
the coarse beds as markers is not possible. The base of the older
alluvium shown on geologic sections H-H’, J-J', and K-K’ (pls. 4
and 5) is not well controlled and is given merely as a tentative
correlation.

Alluvium having a local western source—the English Hills—under-
lies much of the area west of Dixon Ridge, and apparently interfingers
with the alluvium brought down by Putah Creek from its upstream
source areas. Gravelly beds are not as abundant as in the alluvium
farther east, near Dixon, but sands are more common, and the overall
proportion of sand and gravel in the 20- to 100-foot depth interval is
even higher than it is near Dixon. (See table 26.) However, some
of this coarse material may be in the Tehama formation and related
continental sediments, the depth to which probably is less there than
farther east.

Some of the gravel strata in the older alluvium were sampled in 3
observation wells drilled by the Bureau of Reclamation on the Murray
brothers’ property in 8/1E-20G about 4 miles east of Winters and 1
mile south of Putah Creek, and in 3 others drilled on the Kilkenny
property in 7/1E-6C about 5 miles northwest of Dixon and 3 miles
south of Putah Creek. (See fig. 19.) A rotary drilling rig was used;
3- and 6-inch cores were obtained.

Grain-size analysis, porosity, permeability, and specific-yield tests,
and a small amount of petrographic work were done on the samples
by the Bureau of Reclamation’s laboratory in Sacramento, Ira Klein
in charge, and the results were made available to the Geological
Survey.

The cores and ditch samples were examined megascopically during
the drilling by G. F. Worts, Jr., and E. F. LeRoux of the Geological
Survey. Logs of two of the wells, 8/1E-20G3 and 7/1E-6C3, are
given in table 4. Graphic logs of all the observation wells are shown
on figures 19 and 20.

In his petrographic study of the samples from the observation
wells, Klein was able to differentiate “Putah alluvium” from ‘‘re-
worked Tehama formation’” and materials having a nearby western

463671—60——>5
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source (presumably the English Hills). In well 7/1W-6C3 Klein
identified the sediments from. the land surface to a depth of about 46
feet as so-called Putah alluvium; from 46 to 53 feet, reworked Tehama,
formation; below 53 feet, source undetermined. In well 7/1E-32H6
about 3% miles southwest of Dixon, so-called Putah Creekalluvium
was identified from 12% to 30% feet; the material above and below
this interval presumably had a local western source.

Although the land-surface contact between younger and older
alluvium just west of Dixon Ridge also approximates the boundary
between present Putah Creek and local western-source deposition, the
evidence from well 7/1E-32H6 suggests that Putah Creek deposition
at times has extended farther southwest than at present.

Little is known about the older alluvium underlying the extensive
area between Elmira and the Montezuma Hills. This area of curious
mound and depression topography (p. 34) has poor surface drainage,
and the few well logs available indicate a predominance of fine sand
and clay. Evidently the older alluvium is very thin throughout
much of this area. A bed of diatomaceous clay probably belonging
to the Tehama formation and related continental sediments was
penetrated at a depth of 18-22% feet below the land surface in a test
boring in 5/1E-34A on the Putah plain about 2 miles north of the
Montezuma Hills. (See discussion of the age and correlation of the
Tehama formation.) Therefore the older alluvium at this site is not
more than 18 feet thick.

TABLE 4.—Selected well logs showing lithologic character of the older alluvium

[Altitudes are feet above mean sea level; depths are from land-surface datum to base of beds. Stratigraphic
correlations are by F. H. Olmsted]

Thick- | Depth Thick- | Depth
Material ness | (feet) Material ness | (feet)
(feet) (feet)

7/1E-6C4. U. 8. Geol. Survey observation well on J. L. Kilkenny property. About 4.0 miles soutbeast
of Winters. Altitude 93.7 feet. Drilled by U. S. Bur. Reclamation. Drill cuttings described by G. F.
Worts, Jr., and E. F. LeRoux, U, S. Geol. Survey.

Younger alluvium: Older alluvium—Continued
S0l o e 4 4 Clay, silty, brown, fairly com-
Clay, slity, some fine sand...._ 1234  16%4 Y oo 3| 7114
Older alluvium: Gravel may contain some
Clay, tough, brown.__....__.. % 24 ClaY e e 1% 73
Clay, soft, brown, little sand Tehama formation and related
orsilt. 6 30 continental sediments:
Gravel, coarse to fine, some Clay, silty, to fine sand, olive-
CQbDICS. .o 1434 4433 gray, soft moist; streak of
Sand, ﬂne, gray, some clay gravel at 73% feet. ... 2 75
binder_._____________________ 935 &4

Gravel coarse, probably some
eobbles, and coarse sand;
finer gravel between 58 and
64 feet - 14 68
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TABLE 4.—Selected well logs showing lithologic character of the older alluvium—Con.

Thick- | Depth Thick- | Depth
Material ness (feet) Material ness | (feet)
(feet) (feet)
7/1E-13Gl. E. T. Holly. About 0.8 mile northeast of Dixon Post Office. Altitude 62 feet. Drilled
by D. C. Crew.
Younger alluvium: Older alluvium—Continued
Sandyloam._ . eeeen 35 35 Sand and gravel. ... __._.._ 12 126
Older alluvium: Tehama formation and related
_________________ 18 53 continental sediments:
- 11 64 lay, blue 74 200
- 8 72 ravel 38 238
- 8 80 Clay, blue. 12 250
1 o= | 108 Sand black_._...—---._.... 3 | 280
.......................... 6 114
8/1W-14R2, U. 8. Geol. Survey test hole. In Putah Creek channel at river mile 17.7 above west levee

of Yolo Bypass.

Altitude 88.2 feet.

Samples described by F. H. Olmsted.

Older alluvium:

Sand, silty, fine, to medium-
grained, ill-sorted; mottled
dark yellowish orange and
yellovgsh gray; porous and

Older alluvium—Continued
Clay, silty, little fine sand,
ill-sorted; dark yellowish
orange and moderate yellow-
ish brown, soms white cal-

crumbly__________________.._ 7 7 careous root-hole fillings;

Sand, medium-grained, some hard..ooo oo 7 27
fine sand and silt; moderate Sand, silty, fine, some medi-
yellowish brown; somewhat um-grained sand to granule
friable oo el % 7% sizes, ill-sorted; moderate

Sand, medium-grained, some yellowish brown to dark
fine sand and silt, few sub- yellowish orange; fairly hard. 1 28
angular granules as much as Sand, silty, fine to coarse,
3 mm; moderate yellowish small amount of clay; gray-
brown; somewhat friable_ ___ 2 914 ish orange to moderate

Silt, clayey, and fine sand, yellowish brown.. - 3 32
ill-sorted; di:ﬁk yellowisg lnd, coarse, an (at bo )
orange, grayish orange, an 0086 o oo crcrcme e am——— a ttom
dusky yellow; hard..-....._. 10441 20

8/1E-15L1. U. S. Geol. Survey test hole. In Putah Creek channel at river mile 12.7 above west levee
of Yolo Bypass. Altitude 56.1 feet. Samples described by F. H. Olmsted.
Older alluvium: Older alluvium—Continued

Silt, fine, sandy, some clay, Silt, clayey, some fine- to
moderately well sorted; medium-grained sand, sort-
dusky yellow to grayish ing fair to poor; mottled
orange, white calcareous yellowish gray and grayish
mottling; fairly hard, but orange; hard__._ ... _______.. 6.5 13.0
somewhat porous_.__.________ 2.5 2.5 Clay, silty, sparse fine- to

Sand, silty, fine- to medium- medium-grained sand, mod-
grained, moderately well erately sorted; grayish orange
sorted; moderate yellowish with ~yellowish-gray mot-
brown to grayish orange, tling; hard....- ... 3.3 16.3
white calcareous mottling; Clay, silty, sparse fine sand,
somewhat friable_.____.____. .7 3.2 moderately well sorted;

Silt, fine, sandy, some clay, dark yellowish orange with
ill-sorted; grayish yellow, white calcareous mottling;
white caleareous mottling; veryhard_ .. oo i 24.0
erumbly. ... 1.0 4.2 Silt, clayey, some fine- to

Sand, fine- to medium-grained, medium-grained sand, mod-
some silt; grayish orange; erately well sorted; grayish
moderately friable.._________ 1.2 5.4 orange; hard__._.____________ 1.2 25.2

Sand, silty, fine- to medium- Silt, talrfy well sorted; moder-
grained, some clay, ill- ate yellowish brown to gray-
sorted; yellowish gray to ish orange; fairly hard._.._.. 1.0 26.2
yellowish brown; hard to Sand, coarse and granule to
somewhat friable......_.... 1.1 6.5 pebble gravel, 1008€_.c--c-..- .5 26.7
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LE 4.—Selected well logs showing lithologic character of the older alluvium—Con.

Material

Thick-
ness
(feet)

Depth
(feet)

Material

Thick-
ness
(feet)

Depth
(feet)

8/1E-20G3. U.S. Geol. Survey observation well on

Murray brothers’ property. About

Winters. Altitude 100 feet. Drilled by U. S. Bur. Reclamation, Drill cuttings described by G. F.

Jr.and E. F. LeRoux, U. S. Geol. Survey.

4.6 miles east of

Worts,

8ilt, clayey, to siity clay with |
soms fine- to medium-grained
san R

Older alluvium:

Clay, little silt, very hard,
massive, bufl to brown, gray
streaks__________.___________

Gravel, sand, silt, and clay.____

Gravel and sand, coarse, well

rounded, little to no clay
binder, occasional cobbles
3-5 inches in diameter_______

Clay, silt, and some medium-
grained sand; grades down-
ward into more clay; buff

29

814

32
34
3414
43

47

Older alluvium—Continued
Gravel and cobbles, some sand,
cobbles as much as 4 inches

in diameter, well rounded. ..
Sand, medium-grained, clayey
and silty, buff, fairly hard
and compact.
Gravel and clay. .
Cobbles and grav
Sand, coarse .. ooccomnuoan
Gravel and sand, coarser to-
ward base with cobbles as
much as 3 inches in diameter.
Clay, little silt, hard, buff._._._.

(=3

ERoshes

== 00

53

5516
56
5714
58

6614
68

8/2E-20R1. U. S. Geol. Survey test hole,

of Yolo Bypass. Altitude 33.2 feet.

Samples described by F. H. Olmsted.

In Putah Creek channel at river mile 8.0 above west levee

Older alluvium:

Older alluvium—Continued

Silt, clayey, yellowish-brown, Sand, fine, and silt, some clay;
fairly hard ... ____ 20 20 gray and brown layers, firm_ . 415 2716
Sand, fine, silty, some clay; Silt, clayey, yellowish brown,
gray and brown, hard._._.____ 1450 2115 fairly hard.. ... 4 3116
Clay, silty; contains calcareous Silt, fine, sandy, some clay,
concretions; yellowish brown, carbonaceous plant remains;
fairly hard ... 14 23 yellowish brown and gray,
hard.. . 2 3315
8/2E-22L1. Hamel brothers. About 1.6 miles south of Davis. Altitude 45 feet. Drilled by Cooper.

Drill cuttings described by J. Allingham, U

. 8. Geol.

Survey.

Younger alluvium:
Soil, dark-brown, gray adobe...
Silt, sandy, brown, streaks
with elay e oceeeae
Older alluvium: .
Clay, yellowish-brown, plastic,
tough, cohesive, with few
granules and coarse grains of
volcanic rock
Clay, yellowish-brown, plastic,
cohesive, nonporous; sand
grains and granules increase
in amount downward in sec-

Gravel, pebbles and granules,
average grain size 3.5 mm,
angular to subrounded, vol-
canic types; quartzose, pre-
dominantly dark green,
black, red with ferromagne-
sian minerals dominant;
brown sandstone grantles;
coarse sand, subrounded;
clean, water bearing....______

Tehama formation and related
continental sediments:

Clay, yellowish-brown, plas-
tic  tough, cohesive with
large and small granules, me-
dium- to fine-grained sand-
stone, dark volcanic quartz,
quartzose grains; coarse- to
medium-grained sand, sub-
rounded to subangular; 20
percent coarse material in
clay increasing to 30 percent
with sandstone granules pre-
dominant

17

32

62

10

91

123

185

Tehama formation—Continued

Gravel, sandstone, fine sand
with particles of grit; rounded
to subax‘ligular grains, hard,
indurated (?), highly quartz-
ose, silicic cement (?), possi-
bly caleareous cement, fossil
borings are hard, circular in
cross section, silicic or calcare-
ous; possibly water bearing___

Clay, yellowish-brown (simi-
lar to material from 123 to
185 feet)

Gravel, sandstone, with hard
white clay granules, fossil
})orings, possibly water bear-

ng
Clay, yellowish brown (s:
lar to material from 123 to
185 feet)
Gravel, subrounded to suban-
gular, 1 cm average grain
size, and medium-grained
sand, clean, water bearing.___
Clay, bluish-gray, coarse sand
and granules increasing to 15
percent of total in lower part
of section. ... ...
Clay, bluishgray, slightly
gritty, contains 20 percent
coarse sand grains and gran-
ules, which are subangular
to subrounded, dark min-
erals predominate. .. ________

10

19

16

21

89

195

230

249

265

203

314
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TaBLE 4.—Selected well logs showing lithologic character of the older alluvium—Con.

Thick-
ness
(feet)

Depth
(feet)

Thick-
ness
(feet)

Depth

Material (feet) Material

8/3E-19N1. U. 8. Geol. Survey test hole. In Putah Creek channel at river mile 3.8 above west levee
of Yolo Bypass. Altitude 23.1 feet. Samples described by E. F. LeRoux.

Older alluvium: Older alluvinm—Continued

Slit, clayey, some fine sand; Silt, some clay, fairly well
pale to dark yellowish orange. 5 5 sorted: pale to dark yellowish
Clay, silty, yellowish-gray to orange: scattered carbona-
grayish-orange___.._.__.__ ... s 1214 ceous plant remains, some

8ilt, clayey, some fine to coarse mica flakes_ .. __.._......_... 5 18
sand; pale to dark yellowish Clay, silty, sparse fine sand
OTANEE - - oo e % 13 grains; yellowish gray, much
white calcareous material;

very very hard._ . ______.__.__ 14 32

WATER-BEARING CHARACTER

The older alluvium of the Putah area is an exceedingly heteroge-
neous complex of stream-laid deposits, which range from silt and clay
of low permeability to highly permeable sand and gravel.

The subsurface contact between the older alluvium and the under-
lying Tehama formation and related continental sediments is inferred
to be at the base of an irregular and ill-defined gravelly zone which
ranges from about 50 feet to more than 150 feet below the land surface
throughout most of the Putah plain. (See geologic sections H-H’,
J-J', and K-K’; pls. 4 and 5.) The average depth to the base of the
older alluvium in the central and eastern parts of the plain is about
130 feet. Therefore, wells less than 130 feet deep may be assumed to
derive all or most of their water from the older alluvium, except in
the vicinity of Winters where the thickness of alluvium is only 50-60
feet.

As revealed by laboratory tests of core samples and by well-yield
data related to drillers’ logs and geologists’ descriptions, most of the
water yielded to wells in the older alluvium is from highly permeable
beds of unconsolidated sand and gravel; a negligible proportion of the
total is contributed by the remainder of the deposits, which range
from silty clay to silty fine sand.

Core samples of older alluvium were obtained during the drilling of
several observation wells by the Bureau of Reclamation. These
observation wells were drilled for use in pumping tests on the Murray
brothers’ property in 8/1E-20G about 4 miles east of Winters and 1
mile south of Putah Creek, and on the Kilkenny property in 7/1E-6C
about 5 miles northwest of Dixon and 3 miles south of Putah Creek.
(See p. 55.) The porosity, permeability, and specific yield of the
samples were determined, and grain-size analyses were made, by the
Bureau of Reclamation.
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The striking feature shown by the grain-size analyses and the
permeability tests is the great variation in permeability of the mate-
rials caused by slight differences in percentage of clay, silt, and very
fine sand. Sand and gravel samples containing as little as 10 percent
of silt and clay had coefficients of permeability of less than 50 gpd per
square foot, whereas generally similar gravelly deposits containing
almost no silt and clay sizes had coefficients of permeability of several
hundred gallons per day per square foot. The permeability coeffi-
cients were less than 1 gpd per square foot in some of the samples,
even where considerable quantities of sand and gravel were present.
It should be pointed out that these permeability coefficients were
measured perpendicular to the bedding; permeability parallel to the
bedding probably was several times as great in some cases.

Some of the most useful information regarding the permeability
of the older alluvium was derived from an analysis of pump-efficiency-
test data furnished by the Pacific Gas and Electric Co., supplemented
by data supplied by individual well owners. (See p. 206-209 and
appendix A.) These data include pump discharge, drawdown (differ-
ence between standing water level and pumping level), and specific
capacity (discharge per unit drawdown: gallons per minute per foot
of drawdown). Yield factor (specific capacity per unit thickness of
saturated material penetrated by the well times 100; or gallons per
minute per foot of drawdown per foot of saturated thickness, times
100) was computed from drillers’ logs available for many of the tested
wells. The term “yield factor” (saturated thickness) is used herein
for this unit. As discussed on pages 220-223, yield factor affords an
approximate measure of the relative permeability, and thus the numer-
ous pump-test data coupled with well logs can be used to indicate,
in a general way, the water-yielding character of the aquifers in the
older alluvium in the Putah area.

For the pump-efficiency tests of wells in the Putah area made
available by the Pacific Gas and Electric Co. for general interpretive
purposes, tests were available for about 520 wells of known depth; of
these wells about 75 are believed to derive all or nearly all their water
from the older alluvium. Yield factors (saturated thickness) of the
75 wells tapping older alluvium range from 2.7 to 300 and average 85.
This wide range is due chiefly to the variation in thickness of coarse-
grained beds penetrated. Using drillers’ logs of many of these wells,
it was possible to compute the yield factor of the permeable beds
alone, which is herein called yield factor (aquifer), on the assumption
that essentially all the water pumped from the well is produced by
these beds. The yield factor (aquifer) shows less variation than the
yield factor (saturated thickness). Yield factors (aquifers) for 29
wells in the Dixon ares range from 40 to 700 and average 230; in the
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Winters area the range is from about 50 to 500, with an average of
200. As is explained in the discussion of the Pacific Gas and Electric
Co. pump-efficiency-test data (p. 220-223), a rough approximation
of permeability in gallons per day per square foot may be obtained by
multiplying the yield factor by 15 to 20. Thus, the average perme-
ability of the coarse sand and gravel aquifers in the older alluvium
of the Winters and Dixon areas is indicated as about 3,000-4,500 gpd
per square foot. These figures are borne out by the permeability
coefficients calculated from pumping tests made by the Geological
Survey at two sites in sand and gravel aquifers in the older alluvium—
at the Murray brothers’ property in 8/1E-20G and at the Kilkenny
property in 7/1E-6C. (See discussion of the tests on p. 212-219.)

A few generalizations on the yield and productivity of wells tapping
the older alluvium in different parts of the Putah area are given in the
following paragraphs.

In the Winters area irrigation wells less than 130 feet deep have
moderate to high specific capacities (15 to more than 100 gpm per
foot of drawdown), and the discharges commonly range from 500 to
700 gpm. Yield factors (saturated thickness) range from 25 to
nearly 200 and are commonly greater than 100. Well 8/1W-13E1,
about 2% miles northeast of Winters, typical of the moderately pro-
ductive shallow wells in the area, is reported to produce 640 gpm at a
drawdown of 21 feet for a specific capacity of 30 gpm per foot of draw-
down (appendix A). The well is only 80 feet deep, and most of the
water is from a gravel below about 65 feet. (See log of well 8/1W—
13E2 in appendix C.) The yield factor (aquifer) for this gravel is
200, about the average for aquifers in the older alluvium in the vicinity
of Winters.

In the vicinity of Dixon well yields are generally high; most shallow
irrigation wells have reported discharges of 500-1,000 gpm, and a few
wells are said to produce more than 1,000 gpm. (See appendix A.)
Higher discharges are reported from some of the deeper wells, but
the yield factors (saturated thickness) for these wells are not as high
as for the wells less than 130 feet deep. Specific capacities indicated
from the pump-efficiency tests range from 20 to 100 gpm per foot of
drawdown. Yield factors (saturated thickness) range from 5 to 300,
but most are between 40 and 150. Some of the variation in yield
factor is due to differences in thickness of the coarse sand and gravel
penetrated; as was stated earlier, the sand and gravel of the older
alluvium are not in continuous sheets but appear to be tongues and
lenses.

Several shallow wells in the vicinity of Dixon have reported specific
capacities of 100 gpm per foot of drawdown or more; among them is
the Kilkenny well 7/1E-6C1. Well 7/2E-7Q1 (117 feet deep), about
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1% miles northeast of Dixon, produced 800 gpm at a drawdown of
only 5 feet, and well 7/1E-2E1, 160 feet deep, but perforated only
from 75 to 100 feet, is reported to produce 1,625 gpm. The average
specific capacity of wells less than 130 feet deep in the Dixon area is
less than 100 gpm per foot of drawdown, however, and discharges
greater than 1,000 gpm are uncommon,

Discharges, specific capacities, and yield factors for wells in the
older alluvium west of Dixon Ridge north of U. S. Highway 40 are
variable but are generally somewhat lower than in the area to the
east.

South of Highway 40, in the vicinity of Elmira, the discharges of
irrigation wells tapping mainly older alluvium range from 120 to 350
gpm. Yield factors (saturated thickness) of older alluvium are rela-
tively low; wells just east and south of the town have yield factors of
8-10, and wells north of town have yield factors of 25-30. The wells
south of Elmira probably do not penetrate much older alluvium, how-
ever; most of their water may be derived from the Tehama formation
or the related continental sediments, which are at shallow depth.
Wells farther east, near Binghamton, have discharges ranging from
350 to 1,200 gpm and moderate to high yield factors; two wells having
yield factors (saturated thickness) of about 140 are along the southerly
continuation of Dixon Ridge and probably tap coarse-grained deposits
of Putah Creek similar to those near Dixon.

Near Vacaville in the southwestern Putah plain, shallow irrigation
wells have relatively small discharges (50-150 gpm), and the specific
capacities and yield factors (saturated thickness) also arelow. A fairly
typical well, 6/1W-12G2, is reported to discharge 120 gpm at a
drawdown of 100 feet for a specific capacity of only 1.2 gpm per foot
of drawdown.

A few shallow irrigation wells near Davis, which tap a gravelly
stratum at a depth of about 90-120 feet (see pl. 4), have discharges
of about 300-900 gpm, specific capacities of 15-60 gpm per foot of
drawdown, and yield factors (saturated thickness) of 20-60. How-
ever, most of the high-yield irrigation wells near Davis also tap a
gravel zone at a depth of about 300 feet. (See geologic section
H-H, pl. 4.)

The fine-grained strata, which make up much more than half the
total thickness of the older alluvium at most places, have a very low
permeability compared to the beds of coarse sand and gravel. Never-
theless, significant quantities of water may move through these fine-
grained beds over a period of several months. As will be discussed
in some detail in a later section, water levels in the spring stand at
about the same level in adjacent wells differing in depth by as much
as several hundred feet, although during the summer pumping season
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the standing water levels in the deeper wells are many feet or tens of
feet below the levels in the shallower wells. This suggests that the
autumn and winter months of no pumping are sufficient time to allow
adjustment of differences in hydraulic head between aquifers. This
adjustment is in part by movement of water across the intervening
fine-grained beds; however, doubtless much of the head adjustment is
essentially lateral through complex and devious paths in the coarse-
grained materials.

Pump-efficiency-test data for wells that penetrate predominantly
fine-grained older alluvium afford qualitative information on the per-
meability coefficients for these fine-grained materials. Typical yield
factors (saturated thickness) range from about 1 to 10, indicating
permeability coefficients of 15-200 gpd per square foot. A good ex-
ample is provided by well 7/1E-32HS6, drilled by the Bureau of Recla-
mation about 3 miles southwest of Dixon. (See geologic section
K-K', pl. 5, and log in appendix C.) This well, 469 feet deep, pene-
trates the Tehama formation and related continental sediments as
well as the older alluvium, but both units are equally fine grained,
consisting for the most part of silty clay, silt, and silty fine sand.
When test pumped the well yielded 540 gpm at a drawdown of 120 feet
for a specific capacity of 4.5 gpm per foot of drawdown (appendix A,
p- 418). The yield factor for the saturated thickness was 1.0, which
indicates an average permeability of about 15-20 gpd per square foot.
No doubt much of the water was yielded by the few thin beds of
medium- to coarse-grained sand; hence the permeability of the fine-
grained deposits is many times less than the average. The above
permeability coefficients are for flow essentially parallel to the bedding;
permeability coefficients normal to the bedding probably are only a
fraction as much.

Miscellaneous discharge measurements along Putah Creek made in
several years from 1941 to 1951 by the Geological Survey or Bureau
of Reclamation indicated that the fine-grained material in the channel.
downstream from Winters is capable of transmitting significant quan-
tities of water. (See table 9.) The measurements showed that the
average coefficient of permeability normal to the bedding is perhaps
1-5 gpd per square foot.

Although the older alluvium contains highly permeable sand and
gravel bodies that supply large quantities of water to irrigation wells,
the soils in the outcrop areas are mostly of low permeability and drain
slowly. The soils characteristically contain a dense clay layer (B
horizon) that seriously inhibits vertical percolation. The immediately
underlying deposits also are generally fine grained and probably trans-
mit water rather slowly.
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TEHAMA FORMATION AND RELATED CONTINENTAL SEDIMENTS (PLIOCENE AND PLEISTOCENE)

DEFINITION

As herein defined, the unit designated the Tehama formation and
related continental sediments is mostly the Tehama formation, but
it includes also possible correlatives of the Red Bluff formation and
post—-Red Bluff stream-terrace deposits.

Owing to the difficulty of distinguishing the Tehama formation
from, the overlying Red Bluff formation and younger terrace deposits,
both in the English Hills and subsurface beneath the Putah plain,
these formations have been assembled in one geologic unit. It is
believed that the greater part of the thickness of this unit consists of
the Tehama formation, both in the English Hills and beneath the
Putah plain. Therefore, for convenience and simplicity, in the follow-
ing pages the unit will be referred to simply as the Tehams formation,
with the understanding that the relatively minor related continental
sediments (the Red Bluff formation and post-Red Bluff stream-
terrace deposits), where present, are included in the upper part of
the unit.

The Red Bluff formation probably does not occur within the area
shown on the geologic map of the northern English Hills (pl. 2), and
the post-Red Bluff stream-terrace deposits are differentiated from
the Tehama formation on that map; hence, the Tehamsa formation
as shown on that map probably is the same as the Tehama formation as
originally described by Russell and VanderHoof (1931).

The relation of the Tehama formation and related continental sedi-
ments, as used in this report, to the geologic units used in a few of the
published works on the Sacramento Valley is as follows:

Correlatives of the Tehama formation and related continental sediments

Bryan Bailey Anderson and
This report (1923) (1931) Jenkins (1938) Russell (1939); Weaver (1049)
Kirby (1943h, ¢)
Tehama Pliocene Pliocene Red Bluff Montezuma
formation Older voleanics continental formation formation
and alluvium sediments
related
continental Kirker Upper Miocene Tehama Wolfskill
sediments tuff marine sediments formation formation
(in large
part)

RED BLUFF FORMATION AND POST-RED BLUFF STREAM-TERRACE DEPOSITS

The Red Bluff formation, which was named by Diller (1894) from
its type locality near the city of Red Bluff (fig. 4), is exposed along
the flanks of the hills bordering the west edge of the Sacramento
Valley. Typically, the formation consists of rather poorly sorted sand
and gravel containing varying amounts of silt and clay. A reddish-
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brown color, probably caused by ferric oxide stain in the matrix, is
distinctive, and at many places it contrasts vividly with the gray to
yellow of the underlying Tehama formation.

The Red Bluff, which is generally less than 50 feet thick, occupies
mesas and terraces that are above the present stream valleys and are
now being dissected. In many areas, the Red Bluff is topographically
the highest and therefore the oldest of several terrace gravels that
are lithologically similar.

In the northern part of the Sacramento Valley, the Red Bluff
formation and the younger stream-terrace deposits unconformably
overlie the Tuscan formation ! and Tehama formation which are of
late Pliocene and possibly early Pleistocene age. Hinds (1933)
correlated the Red Bluff formation near Redding with his Klamath
gravels to the west in which mammalian remains of Pleistocene age
have been found. Probably the deposition of the Red Bluff and the
younger terrace deposits followed the important middle Pleistocene
uplift of the Coast Ranges. From the foregoing lines of evidence and
from the fact that the Red Bluff formation and younger stream-
terrace deposits antedate the present cycle of deposition, these deposits
are assigned to the upper Pleistocene, although the Red Bluff itself
may be somewhat older.

Kirby (1943b, ¢, and unpublished reports) mapped the Red Bluff
formation in the Rumsey Hills, the Dunnigan Hills, and the Plainfield
ridge farther south. The Red Bluff formation in the southern Dunni-
gan Hills lies on a cut surface that has been arched to form a long,
gently southeastward-plunging anticline (fig. 5). Except on the south-
west margin of the hills where the gravel is nearly continuous, all that
remains of the Red Bluff is a series of disconnected gravel caps as
much as 50 feet thick on ridges and hills underlain by the Tehama
formation. The old surface is clearly recognizable from the con-
formity of the remaining flat hill and ridge summits.

Unfortunately, the Red Bluff formation is not easily mappable in
the Plainfield ridge south of the Dunnigan Hills; the strong physi-
ographic evidence for the position of the gravel cap is lacking and
the gravelly soil is not as distinctly red as it is on the Red Bluff farther
north.

The exposed sediments at the south end of the Plainfield ridge,
chiefly poorly sorted red gravel and compact yellow silty fine sand,
are particularly well exposed in a gravel quarry in 8/1E—4H where
the gravel occurs as lenticular beds in the silty fine sand. No evi-
dence, either from water-well logs or from surface exposures, could be

1 Although listed as Tuscan tuff by Wilmarth (1938, p. 2200), the name Tuscan formation proposed
by Anderson (1933) is believeqd preferable because of the heterogeneous nature of the fragmental volcanic
rocks, less than half of which are tuff at Anderson’s type section near Red Bluff.
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found for a consistent red gravel cap in the southern Plainfield
ridge, and it is doubtful that the Red Bluff formation, if present, can
be distinguished from the underlying Tehama formation in that
area.

A red gravel similar to the Red Bluff formation in the Dunnigan
Hills forms a discontinuous cap on the Tehama formation along the
eastern margin of the foothills north of Winters between Putah
Creek and Chickahominy Slough. The gravel, which is poorly sorted,
is nowhere more than 20 feet thick, and the underlying sediments
contrast vividly with it, being finer grained and yellow to gray rather
than red.

A red gravel occurs also at a lower altitude than the gravel just
mentioned, 1-2 miles northwest of Winters. This gravel is shown on
geologic section A-A’ (pl. 8) at and near the land surface just west
of Winters.

Farther west the exposed sediments of the Tehama formation dip
eastward at angles of about 1°-5°. These low dips, together with
the presence of hard conglomerate beds in the section, have led to the
formation of terraces sloping gently toward the valley. The higher
terraces are definitely erosional features and are formed on the
bard conglomerate beds of the Tehama. The origin of the gravels
of the lower terraces is not so clear, however; it is possible that some
of these gravels may be the Red Bluff formation or younger stream-
terrace deposits. Inasmuch as there is no incontrovertible evidence
that the slopes of these lower terraces are different from the dips
in the underlying Tehama formation, the distinction between these
possible terrace deposits and the gravel beds of the Tehama must
be either wholly on a lithologic basis, or on whether the gravels
underlying the surfaces continue around the higher hills to the west
or abut against those hills. :

The lithologic criterion is difficult to apply. The questionable
terrace gravels are characterized by a matrix of reddish-brown sand
and silt and by poorly sorted pebbles and cobbles scattered through-~
out. Where fresh, gravel of the Tehama formation is mostly gray,
but weathered gravel in the Tehama is reddish-brown, also.

Owing to poor exposures, the second criterion also is hard to apply.
However, at several localities examined carefully, the gravels on the
terraces appear to continue around the slopes to the west, which
indicates that these gravel beds are not terrace deposits but belong
to the Tehama formation.

Although inconclusive, the evidence currently available in the foot-
hill area between Putah Creek and Chickahominy Slough tends to
support the conclusion that the Red Bluftf formation and younger
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stream-terrace deposits, if present, cannot definitely be differentiated
from the underlying Tehama formation.

South of Putah Creek, the identification of the Red Bluff formation
is even more doubtful than it is to the north, However, it is reason-
ably certain that the Red Bluff does not occur within the area shown
on plate 2. Reddish-brown pebbly soil is widespread on the flanks of
the English Hills between Winters and Vacaville, and it was hoped
that a mappable gravel unit could be distinguished from the under-
lying Tehama formation. A critical area that includes 7/1W—-16 and
parts of the adjoining sections was mapped as carefully as the rather
poor exposures permitted. A poorly sorted reddish-brown sand and
gravel appears to overlie soft yellow to gray silty clay in this area,
but the boundaries of this gravel are virtually impossible to ascertain
at most places.

A series of auger holes along the route of the proposed Putah South
canal of the Bureau of Reclamation is fortunately located with re-
gard to determining the presence of the suspected gravel cap along
the eastern margin of the hills. Some of the holes, which were 15
feet deep, penetrated a few feet of sand and gravel starting at the
land surface, but many adjacent holes penetrated clay only. The
evidence from these holes clearly does not suggest the presence of a
continuous thin blanket of gravel along the eastern margin of the
English Hills.

Weaver (1949) mapped the Montezuma formation over most of the
eastern English Hills. The Montezuma was named by Weaver from
its type occurrence in the Montezuma Hills, south of the Putah plain,
where it consists of obscurely bedded silt, clay, sand, and a few gravel
lenses. The Montezuma is said to overlie the Wolfskill formation of
Weaver unconformably and to be probably of Pleistocene age
(Weaver, 1949, p. 106). The relationship of the Montezuma to
the Red Bluff formation farther north is not at all clear; the Monte-
zuma, as described by Weaver, evidently is a considerably thicker and
more heterogeneous unit than the Red Bluff. The present writers
believe that, if the Montezuma or Red Bluff formation occurs in the
eastern English Hills, neither can be differentiated from the Tehama
formation, at least with data now available.

AGE AND CORRELATION OF THE TEHAMA FORMATION

The Tehama formation, which was named by Russell and Vander-
Hoof (1931) from its type locality in Tehama County on the west
side of northern Sacramento Valley, is described (p. 12) as—

* % ¥ ghout 2,000 feet of massive, pale greenish-gray to pale buff sandy clays

which are usually tuffaceous; intercalations of sand and gravel, often strongly
cross-bedded, are present throughout.
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Subsurface in the northern Sacramento Valley, the Tehama forma-
tion, which consists of alluvial-fan and flood-plain deposits having a
western source, interfingers with the volcanic detritus of the Tuscan
formation, which had a northeastern source—perhaps in the vicinity
of Lassen Peak (Anderson, 1933). The Nomlaki tuff member, a
pumiceous dacitic tuff near the base of both the Tuscan and Tehama
formations, has been dated as uppermost Pliocene from a collection
of vertebrate fossils obtained from fine-grained sediments of the
Tehama formation 10 feet stratigraphically above the tuff at a lo-
cality 18 miles west-northwest of Corning, Tehama County (Vander-
Hoof, 1933, p. 384).

A horse jawbone found in the Tehama formation at the south end
of the Dunnigan Hills is said to be either upper Pliocene or Pleistocene
(VanderHoof 9n Anderson and Russell, 1939, p. 250).

A horse tooth, found in probable Tehama formation sediments ex-
posed in a gravel quarry 2 miles north of Putah Creek in 8/1E—4H,
is described as follows by D. E. Savage of the University of California
(written communication, January 1951):

Tooth—lower molar of Egquus—more exact identification is uncertain. Ap-
pearance suggests that it is some type of horse found in earlier Pleistocene (Irving-
tonian) of [San Francisco] Bay area.

Subsurface in the southern part of the Sacramento Valley the
Tehama formation probably interfingers with eastern-source sediments
of the Laguna formation and with old deposits of the Sacramento
River from the north (fig. 6). Rather meager fossil evidence and
indirect stratigraphic evidence suggest that the Laguna formation is
upper Pliocene and possibly lower Pleistocene (Piper, Gale, Thomas,
and Robinson, 1939, p. 60, 61).

Weaver (1949; also, earlier unpublished reports) mapped sediments
that are in part equivalent to the Tehama as the Wolfskill formation
in Solano County. A part of the Wolfskill was dated as probable
lower middle Pliocene from bones found in the northwestern Monte-
zuma Hills (Weaver, 1949, p. 97). However, the bone-bearing sedi-
ments contain a high percentage of volcanic detritus and resemble the
Mehrten formation of the Mokelumne area (see Piper, Gale, Thomas,
and Robinson, 1939) and the Neroly formation of the Tesla area.
(See Huey, 1948.) The Mehrten and Neroly are of late Miocene and
probable early to middle Pliocene age (Axelrod, 1944a).

A bed of diatomaceous clay occurs at a depth of less than 20 feet
beneath the surface of the Putah plain about 2 miles north of the
Montezuma Hills in sediments that probably are referable to the
Tehama formation. The land surface in the vicinity consists of
hog-wallow microrelief, and the exposed fine-grained deposits were
mapped as older alluvium (Qoal on pl. 1). The stratigraphic posi-
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tion of the diatomaceous clay is below the older alluvium and at
least several hundred feet above the bone-bearing sediments of
middle Pliocene age that were described in the preceding paragraph.

The bed of diatomaceous clay was encountered at a depth of 18-
224 feet below the land surface in a test boring made by the U. S.
Army, Corps of Engineers at a site in 5/1E-34A and also at about the
same depth in two other nearby test borings several hundred feet
apart. Samples of the clay were sent to K. E. Lohman of the
Paleontology and Stratigraphy Branch of the U. S. Geological Survey.
Lohman identified 20 species and varieties of diatoms which are
listed below. The relative abundance of each species is indicated by
R, rare; F, frequent; C, common; and A, abundant.

Amphora ovalis Kibzing . _ - - e F
Coscinodiscus cf. C. lacustris GruUnOW - _ .. _ o ecieac R
Cyclotella n. 8p. A _ oo F
Cymbella mezicana (Ehrenberg) Cleve. . e R
Epithemia turgida (Ebrenberg) Kitzing . .. R
Eunotia monodon Ehrenberg_ - - - . F
serpentina var. transylvanica (Pantocsee) Hustedb . ________ F
Gomphonema grovei Schmidt._ _ - _ . e F
Melosira ambitguae (Grunow) Muller . ______ L ______ F
distans var. lirate (Ehrenberg) Bethge . __ . ____.___._ A
granulata (Ehrenberg) Ralfs_ . _ .. F
wtalica (Ehrenberg) Kitzing. .- o ___ F
ef. M. solida Eulenstein_ _ . ___ .. F
. 8P, Ao e F
Navicula gastrum Ehrenberg.. - - o eeeaan F
ef. N. viridula Kitzing - .o e R
Stephanodiscus astraea (Ehrenberg) Grunow-. - _______________ A
€arconensts GIUNOW. ... coco oo e mc e ccmcmmm e mmmee e F
ntagarae var. magnifica Fricke.... o .. C
Surirella n. SP. A . e e F

With one exception, Coscinodiscus cf. C. lacustris, all these diatoms
occur in assemblages obtained from core samples of a widespread
bed of diatomaceous clay in the Tulare formation in the San Joaquin
Valley (Davis and others, 1959). Lohman (written communication,
June 5, 1956) stated that there is little doubt that the diatoma-
ceous clay bed in the San Joaquin Valley and the similar bed in Solano
County were deposited during the same interval of geologic time and
under extremely similar ecologic conditions. The age of the diatom
assemblages is described as late Pliocene, or possibly Pliocene and
Pleistocene. The bed in Solano County therefore belongs to the
Tehama formation and related continental sediments and is correla-
tive with the widespread diatomaceous clay in the Tulare formation
in the San Joaquin Valley.

Various oil companies that have drilled gas and gas-test wells
in the Putah area have assigned fresh-water-bearing continental
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sediments to the Tehama formation, although in a section across the
southern Sacramento Valley prepared by an American Association of
Petroleum Geologists geologic names committee (Clark, Church,
Cross, and others, 1951), these fresh-water-bearing deposits are
included in the classification ‘‘Predominantly nonmarine post-Eocene
sediments” (fig. 6). This broader classification is perhaps preferable
with the present state of knowledge, as not all these sediments may
be correlative with the Tehama formation.

The Tehama formation, at least in part, is probably equivalent in
age to the Sonoma volcanics of the Suisun-Fairfield area and other
regions west of the Putah area. Stratigraphic and paleobotanical
evidence indicates a late Pliocene and possibly early Pleistocene age
for the Sonoma volcanics (Kunkel and Upson, 1960), which are
reported to interfinger with the Tehama formation on the west side
of Berryessa Valley (Taliaferro, 1951, p. 147).

To summarize briefly: The Tehama formation is considered to be
upper Pliocene and possibly to include lower Pleistocene, on the
basis of vertebrate paleontological evidence and correlation with the
Laguna formation of the southeastern Sacramento Valley and the
Sonoma volcanics west of the Putah area.

TEHAMA FORMATION AS EXPOSED IN THE PUTAH AREA

The Tehama formation was studied and mapped in detail because
of its importance as a present and future source of ground water in
the Putah area. The Tehama exposures in the northern English
Hills were mapped in most detail (pl. 2), and a typical section of
the lower part of the formation was measured along the first ridge
south of Pleasants Creek in 7/2W-1 and 7/1W-6 (pl. 2). Section
M-M’, described below, was measured with a steel tape and with a
Brunton compass mounted on a brass tripod.

Section M-M' of lower part of Tehama formation along ridge south of Pleasants
Creek in 7/2W—1 and 7/1W-6
Feet
Sand, fine, with abundant silt, grayish-orange_.___________ Top not determined
Conglomerate, hard, CaCOjcemented, with a coarse sandstone matrix;
contains numerous pebbles of hard brown sandstone, various meta-
morphic rocks, chert, diabase, serpentine, and porphyritic voleanic

TOCKS . e 12
Sand, silty, fine- to medium-grained with scattered pebbles, dark yellow

to grayish orange__ e 94
Conglomerate, small pebbles__ .. ___ 24
Soil, silty, with a few pebbles, interval poorly exposed___________________ 16

Sandstone and small-pebble conglomerate, well sorted; contains a few
subangular to subrounded cobbles..._._ . ___ . ______________ 22
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Section M-M' of lower part of Tehama formation along ridge south of Pleasants
Creek in 7/2W-1 and 7/1 W-6—Continued

Feet

Sand, fine, moderate-yellowish-brown; contains quartz, feldspar, numerous

gray and pink grains, and scattered small pebbles; has a clay binder

with a distinetly plastic feel .. .. 56
Conglomerate . _ . . 43
Sandstone, soft, silty; contains scattered pebbles and a few pumice frag-

NS e 90
Conglomerate, well cemented with CaCOs;, dark gray; contains limonite

concretions; andesite and red jasper common; pebbles and cobbles as

much as 5 inches in diameter abundant___.___________ _______________ 37
Sand, silty, soft, brown; contains lenses and streaks of pebbles and gran-

Ul o e 33
Conglomerate, medium-gray, fairly well cemented; contains subrounded

to subangular pebbles and small cobbles as much as 3 inches in diameter;

voleanie rocks abundant. . ___ 8
Soil, dark-brown, silty, with pebbles; interval poorly exposed.._________ 6
Conglomerate, poorly cemented; limonite concretions, andesite pebbles
© COIMINON . oo e e e a e 12
Mostly silty sand, interval poorly exposed. ... ... ... 31

Sandstone, fine- to medium-grained, silty, light-brown, with a few rounded
yellow pumice fragments less than one-fourth inch across; fairly hard,
but not ridge-forming. .. __ oo 16
Conglomerate, CaCOjs-cemented, with sandstone lenses as much as 6
inches thick; contains many purple and gray volcanic cobbles as much
as 4 inches, in diameter dark metamorphic rocks.__. ... . ___.___ 6
Pumiceous tuff beds of probable fluviatile origin (total thickness 71 feet):
Sandstone, silty, fine, tuffaceous, light-brown, in thin beds between

white and pale red pumice fragments; forms large blocky outcrops__ 19
Sandstone, silty, fine, tuffaceous, medium-brown to pale-red; contains

a few small pumice fragments____________________________._____ 10
Siltstone, ashy, white, with rounded pumice fragments as much as

1 inch aCross. - o e 5

Sandstone, fine, silty, tuffaceous, medium-brown to pale-red; contains
many pumice fragments one-fourth inch in diameter, occasional
1-inch rounded pebbles_ - __ .. 8
Sandstone, medium-~ to coarse-grained, moderately hard, light-brown,
with cross-bedded layers of dark metamorphic rock granules and

rounded pumice fragments._ - . ... 11
Siltstone, fine, sandy, tuffaceous, pale-yellow; contains rounded

pumice fragments as much as 2 inches in diameter. ... _____._____ 2
Siltstone, light-brown, with a few small pumice fragments_.__..______ 8

Pumice fragments, loose, very porous aggregate, interbedded near
base with 3-inch beds of white ash; contains rounded pumice frag-

ments as much as 1 inch in diameter_. . __ . ___________.____ 8

Soil, silty, clay; interval poorly exposed._ - _.__.__ 35
Conglomerate, well cemented with CaCOj, cliff-forming, medium- to dark-

gray; contains lenses of coarse sandstone. ... _______ . ____________ 10

Silt, fine, sandy, soft, pale-yellowish-brown; has a clay binder___.________ 18

463671—60——6
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Section M-M' of lower part of Tehama formalion along ridge south of Pleasants
Creek in 7/2W~1 and 7/1 W-6—Continued
Feet
Conglomerate, hard, CaCOscemented, cliff-forming, medium- to dark-
gray; contains pebbles and cobbles as much as 8 inches across of hard
sandstone, vein quartz, dark metamorphic rocks, chert, and many
other types. Lenses of brown silty sandstone, limonitic coneretions
common. Coarse crumbly sandstone abundant in basal portion.._._____ 108
Base of Tehama formation. Beneath are interbedded, laminated soft
light-gray siltstone and light-brown medium-grained micaceous sand-
stone with oceasional hard, CaCOjcemented concretions (Markley
sandstone member of the Kreyenhagen formation of late Eocene age).

Thickness of Tehama formation ..o oo moee 748

In order to determine the general rock types represented in the
conglomerates of the Tehama formation, 100 pebbles were sampled
at random from locality F124 about 0.7 mile west of Olive School on
the Winters to Pleasants Valley road south of Putah Creek (plL 2).
The pebbles were collected from the second conglomerate from the
top of section M-M"’ described above. The rock types were identified
by hand-lens examination of freshly-broken surfaces of the pebbles.
The count afforded an approximate measure of the relative abundance
of the rock types in the conglomerate bed.

Pebble count in Tehama formation conglomerate at locality F124 (8/1W-31Q)

Percent
(nu;nber
0,
Type of pebbles pebbles)
Sandstone, siltstone, shale, limestone (similar to those in the Cretaceous
and Eoeene) - - e m 28

Sandstone, conglomerate (similar to those in the Franciscan group and

Knoxville formation) ... .o o e 14
Chert (similar to that in the Franciscan group)-- - ___o__ 3
Quartzite - . e 4
Serpentine, including silica~carbonate roek._ . ________ 17
Diabase, diorite, gabbro_ . eaoo 6
Metabreccia; unidentified metamorphie roeks_ ... ___... 11
Vein quartz, pegmatite_ e 3
Granodiorite or quartz diorite. .. - oo 1
Basalb. o e 5
Rhyolite, dacite, andesite - e 8

100

The pebbles in the other conglomerates at section M—~M’ include
cherts of the types found in the Franciscan group, metamorphic rocks
similar to types exposed in the central northern Coast Ranges, hard
sandstone similar to sandstone of Eocene and Cretaceous age in the
Coast Ranges, and various volcanic rocks of which several types of
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andesite and basalt are most abundant. The origin of the andesite
pebbles is uncertain, and a petrographic study of these rocks would
be desirable to determine whether they are similar to the several types
of andesite of the Mehrten formation on the east side of the Sacramento
Valley or to the Sonoma volcanics west of the Putah area.

Exposures showing crossbedding in the coarse deposits are rather
uncommon, but most of the foreset beds dip eastward, which suggests
a western source for these sediments.

The conglomerates in the lower part of the Tehama formation
commonly contain a large proportion of silt and sand. Silty lenses
and streaks that undoubtedly reduce the overall permeability of the
conglomerate and gravel beds substantially are numerous, even where
the beds are uncemented or poorly cemented.

At a fairly typical exposure in 8/1W-6R, a conglomerate bed,
evidently the same as the uppermost conglomerate in section M-M’
(pl. 2), contains rather evenly graded pebbles and cobbles. Most of
the pebbles are surrounded by encrusting masses of calcite cement and
large sand grains. Whether this type of cementation is as common
below the water table as in surface exposures is not known, but, if it
is widespread, the permeability of even the well-sorted congolmerate
and gravel beds of the Tehama formation must be only moderate,
at best.

The tuff beds overlying the lowermost conglomerate at section
M-M’ are all pumiceous. Some of the pumice fragments are 2 inches
across, but the average diameter is much less. Lenses of crossbedded
sand and small pebbles within the tuff, lateral gradation of tuff into
sandstone and pebble conglomerate, and rounding of the larger pumice
fragments indicate the fluviatile origin of most of the tuff. Some of
the tuff is prominently crossbedded, as illustrated on plate 7. Most
of the tuffaceous beds in the upper part of the section are finer grained
and contain less volcanic material than the beds lower in the section,
but no arbitrary boundary can be drawn between tuff, in which
volcanic material predominates, and silt or sand in which volcanic
material is present but makes up less than half of the rock.

The proportion of sandstone and conglomerate in exposures of the
Tehama formation decreases southward from Putah Creek. (See
pl. 2.) The lowest conglomerate bed is continuous to the south, but
it becomes thinner and sandier. In 7/1W-19 the basal bed is sandy
rather than gravelly, except for the top 5-8 feet. The section below
the lowest bed of pumiceous tuff, which is 136 feet thick at section
M-M, is less than 30 feet thick in 7/1W-19.

To obtain additional information about the lowest part of the
Tehama, the northwest side of the cut on U. S. Highway 40 about
1 mile east of Vacaville was measured. A portion of this section is
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shown on plate 7 and is described below. The section across the
highway in the southeast side of the cut is appreciably different from.
the measured section, although the distance apart along the strike of
the beds is only about 100 feet. For example: In the northwest side
of the cut the basal 23 feet of the Tehama, although predominantly
a silty fine sand, contains gravel throughout; in the southeast side
of the cut, only the lowermost 2-3 feet is gravelly, and the remainder
of the interval is a silty fine sand containing no pebbles.

Section of Tehama formation in cut on northwest side of U. S. Highway 40 east of

Vacaville .
Feet .
Top of section not exposed; is eovered by grayish-brown pebbly soil as !
much as 8 feet thick, possibly a terrace deposit of Quaternary age.
Tehama formation:
Clay, sandy, silty, light-yellowish-brown, with a gravel lens in lower
portion. e 27%
Gravel, soft, brown to grayish-orange; pebbles and granules are most -
abundant, but silt and sand are common_ _ _____________________ 4
Sand, coarse, grayish-orange, with abundant granules, a few pebbles.
Sand is not well sorted; contains some silt_ - .. _______________ 5%
Cobble gravel, poorly sorted; contains abundant porphyritic voleanic
rocks and weathered basalt. - ________________________________ 2
Conglomerate, rather poorly consolidated and poorly sorted. Great
variety of rock types present__ ____ . ______________.._. 41
Clay, silty, massive, grayish-brown, very plastic; contains streaks and
thin lenses of sand and gravel . ____________ .. _____________._____. %

Conglomerate, rather poorly consolidated, moderately well sorted. .
Most pebbles are about %-3 inch across and are subrounded.
Voleanic rocks are less abundant, metamorphic rocks more abun-
dant than in lower conglomerates._. .. _________._.___._ 20

Sand, fine, silty, soft, light-gray to moderate-yellowish-brown; has a
clay binder. Lower portion is moderately laminated, but most of
interval is fairly massive____________ .. 24

Conglomerate, hard, CaCO;-cemented; granule sizes are most abun-
dant, but pebbles and coarse sand sizes are also numerous (See

Pl TA) e 6%
Sandstone, light-gray to light-grayish-brown, rather well bedded. ;
Soft beds alternate with CaCO;-cemented strata in pairs from 1 to N

2 feet thick. Sandstone is medium grained and rather well sorted;

contains subangular grains of quartz, feldspar, small rock fragments,

green, red, black mineral grains_ _ __ ___________________________ 9%
Conglomerate, moderately hard, CaCQOs-cemented. Granule sizes are !

most abundant, but pebbles and coarse sand sizes are also numerous.

Basalt is less abundant than in stratigraphically lower conglomer-

AbES e 6 :
Sandstone, light-gray, moderately well indurated, interbedded with !
grayish-orange silb__ o _______ 15% H

Pebble conglomerate, hard, CaCOs-cemented, with a sandstone matrix.
Pebbles include basalt, siliceous rocks, hard brown sandstone, vein
quartz, rotten porphyritic voleanic roeks_ _ . __________________ 3
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Section of Tehama formation in cut on northwest side of U. S. Highway 40 east of

Vacaville—Continued
Tehama formation—Continued Feet
. Sand, silty, soft, grayish-orange, ill-sorted and obscurely bedded; has
aclay binder____ 62%

Sand, silty, fine, light-yellowish-brown to light-brownish-gray ; contains
irregular lenses of pebble and small-cobble gravel and coarse sand.
Weathered basalt pebbles are most abundant, but there are also gray
and red siliceous rocks, various porphyritic voleanic rocks, a few flat
limonitic calecareous sandstone and shale concretions, ashy shale
fragments resembling underlying rocks, some vein quartz pebbles.
Fine sandy beds are soft and not well stratified; for the most part,
they are considerably softer and contain less volcanic material than
beds below. Across the hizhway, on the south side, much of the

" gravel lenses out, so that only the lowest 2-3 feet is gravelly______ 234

Thickness of exposed Tehama formation______________________ 258

Volecanic sedimentary rocks:

Shale, silty, pale-pink, fractured; alternates with white silty shale.
Shale is rather thinly layered (%- to ¥%-inch average); is fairly hard,
though light in weight, and probably is diatomaceous_ - __________ 11

Sandstone, coarse, crossbedded. Lower 5-7 feet is coarsest and con-
tains numerous granules and small pebbles of rotten volcanic rocks,

a few dark siliceous rocks, and angular fragments of white shale.
Most of the sandstone is light bluish gray, contains pink, purple, and
green grains, as well as volcanic ash and brown foils of bleached
biotite. Sandstone is predominantly loose and friable, but upper 5
feet is finer grained and harder, and has a clay binder____________ 16

Sandstone, fine- to medium-grained, massive; has a clay binder.
Lower portion is light brown, contains abundant colored grains.
Upper portion grades into pale-purplish-gray shale or claystone that
contains small white altered volcanic ash fragments.________. ——m 9%

Thickness of exposed volcanic sedimentary rocks__________.__. 36%

The lithology of the lower part of the Tehama formation changes
greatly between section M—M’ south of Putah Creek and the highway
cut near Vacaville, 9 miles south along the strike of the beds. The
pumiceous tuff is absent in the highway cut, although more than 250
feet of the Tehama formation is exposed there. The Tehama rests
with gradational contact on the volcanic sedimentary rocks at the
highway cut; farther north, the volcanic rocks pinch out or are over-
lapped; and at section AM-M’ the basal conglomerate of the Tehama
rests unconformably on shale and sandstone of the Markley sandstone
member of the Kreyenhagen formation of Eocene age.

North of Putah Creek the lithology of the exposed Tehama forma-
tion is about the same as the lithology of the lower part of the forma-
tion farther south. The proportion of conglomerate interbedded with
the pumiceous tuff is high—perhaps half the total thickness of the
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basal 500 feet. Cobbles are more abundant than they are south of
Putah Creek, and small blocks and angular cobbles of basalt are
common. The size sorting in the conglomerate ranges from fair to
poor. Where the conglomerate is weathered, as on the broad dip
slopes, its matrix is a reddish-brown sandy clay.

The upper part of the Tehama formation exposed in the English
Hills is finer grained than the lower part of the formation, and at one
time during the investigation it was hoped that the Tehama could be
divided into two or possibly three members: a lower coarse member
composed of interbedded conglomerate, sandstone, and pumiceous
tuff; an overlying predominantly fine-grained member; and a possible
upper coarse member not exposed in the English Hills, but penetrated
by gas wells and the deeper water wells on the Putah plain. However,
satisfactory boundaries for such units could not be established in the
field. A conglomerate bed about 750 feet above the base of the
Tehama—the uppermost conglomerate of measured section M-M '—
tentatively was selected as the top of the lower coarse member.
Unfortunately, this conglomerate pinches out or grades southward
into finer material in 7/1W-17R (pl. 2), and the conglomerate bed
cannot be positively identified in the hills north of Putah Creek.

Although the Tehama formation in the English Hills cannot be
satisfactorily subdivided, it is nevertheless convenient and useful to
refer to a predominantly fine-grained section of the Tehama formation
exposed along the eastern flank of the English Hills. As will be shown
later, an approximately equivalent fine-grained unit exists beneath
the Putah plain, also.

The dominant lithologic type in the fine-grained section of the
Tehama is a grayish-orange to moderate yellowish-brown silty to
sandy clay that is massive and compact, but not particularly well
consolidated. Silty sand, generally with a clay binder, is only slightly
less abundant, and the two types intergrade at many places. Gray
to yellow fine- to medium-grained sand is considerably less plentiful
than the sandy clay and silty sand, and it usually occurs as thin
beds or lenses in the finer material. Well 6/1W—4K1 penetrates a
rather typical section of the finer grained Tehama. The log of this
well indicates beds of sand, which average about 5 feet in thickness,
interbedded with much thicker strata of yellow clay.

Gravel is not abundant in the fine-grained section of the Tehama,
and it commonly is not well sorted, having a matrix of silty sand with
considerable clay binder. Where extensively exposed on broad,
gentle slopes, the gravel is generally weathered and has a distinctive
reddish-brown color. Calcium carbonate cementation is much less
common in the gravels of the fine-grained section of the Tehama than
in those in the lower part of the Tehama.
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TEHAMA FORMATION SUBSURFACE IN THE PUTAH AREA

The lithologic character of the Tehama formation exposed in the
hills west of the Putah plain can be observed directly, but little is
known of the lithologic character of the Tehama beneath the Putah
plain. The subsurface information obtained has been primarily from
drillers’ logs of the deeper water wells, supplemented by electric logs
of gas-test wells and deep water wells, and a few drill cuttings and cores
collected and studied by the Geological Survey, the Bureau of
Reclamation, and the California Division of Water Resources.
Throughout the following discussion, reference is made to geologic
sections A—-A’, B-A’-B’, C-C’, and F-F’ (pls. 8 and 9) on which
many of the available data are shown graphically.

The maximum thickness of the Tehama formation exposed in the
northern English Hills probably is not more than 1,800 feet (see pl. 8),
and the average thickness is perhaps 1,500 feet or less. The lithology
of this exposed section has been described in the preceding pages.
Few water wells are deep enough to penetrate much of this section
beneath the Putah plain, however. Most of the water wells are less
than 700 feet deep, and the deepest well, 8/2E-16Q1, south of Davis,
is reported to be 1,450 feet deep. Even these deeper wells penetrate
only the upper part of the Tehama formation; interpretations of the
lithology of the lower part of the subsurface section of the Tehama
must be made from electric logs of gas or gas-test wells and will be
discussed farther on.

Well 8/2E-15N1 south of Davis (see geologic section B-A’-B’,
pl. 8) was drilled with a cable-tool rig, and representative samples
from each bed penetrated below 500 feet were collected by the Cali-
fornia Division of Water Resources. The driller’s log of this well
appears in table 5 and Appendix C. Results of a hand-lens examina-
tion of these samples by Olmsted and LeRoux are given below.

Description of samples from well 8/2E-15N1

Depth of
sample
(feet)

Clay, fine, sandy, silty, light-olive-gray, soft, plastic. Contains thin

streaks of greenish-gray silty elay._ . . _a_. 500
Clay, silty, moderate-yellowish-brown to grayish-orange, very plastic.
Contains a few grains of medium- to coarse-size subangular sand__.____ 560

Clay, silty, massive, grayish-orange, not particularly plastic. Aggregates
of grains that average ¥4~1 mm in diameter, seem to increase permeability
over what might be expected from average grain size._____.._.______ 620
Sand, silty, very fine, moderate-yellowish-brown. Quartz, small vari-
colored fragments abundant. Material is soft, has some clay binder;
probably is not very permeable_. .. e 650
Clay, silty, moderate-yellowish-brown; contains sparse granules of gray
siliceous rocks .. oo e 660
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Description of samples from well 8/2E-15N1—Continued

Depth of
sample
(feet)
Clay, silty, light-olive-gray, very plastic; contains a few grains of
medium- to coarse-size sand. . oo 665

8ilt, fine, sandy, and clay, grayish-orange. Contains scattered subrounded
to subangular dark-gray rock fragments, small quartz, feldspar (?), red
and pink fragments._ . e 680
Sand, coarse, grayish-brown, with thin streaks of light-olive-gray silty
clay. Sand consists of subrounded to subangular grains of clear quartz,
white to gray feldspar, pink and dark gray rock fragments, a few black
grains. Permeability probably not high in direction normal to bedding

because of silty elay streaks._ . .. 730
Clay, greenish-gray, plastic, with scattered sand grains as much as 2 mm
across of quartz and bluish-gray rock fragments_____________________ 745

Sand, fine, uniform, light-olive-gray, with rounded to subangular grains of
quartz, feldspar, red, orange, yellow, and brown fragments, bleached
and unbleached biotite, small veinlets of CaCOs;. Some clay binder
PreSent . . o e mm— e 828
Silt, sandy, massive, poorly sorted, yellowish-gray to light-olive-gray.
Contains fairly abundant gray rounded rock fragments as much as 4
mm across, subangular weathered white grains, pink fragments, clear
quartz grains, and other types. Material has clay binder; poor size

sorting is most noteworthy characteristic. . - .- ____________ 850
Clay, silty, containing some very fine sand, soft, moderate-yellowish-
brown; contains streaks of greenish-gray plastic clay________________ 930

Clay, sandy, silty, light-olive-gray, very plastic; contains streaks of car-
bonaceous material. Small sand grains include pink, blue, green, and

white grains, quartz; bleached biotite.. .. ______ 950
Clay, light-gray to very light gray, hard, brittle - . __________ 1, 111
Band, very fine, and silt, medium-bluish-gray. Contains considerable

carbonaceous material, light-colored grains, quartz___________________ 1,135

Band, medium-grained, very loose, grayish-blue. Dark gray small rock
fragments are abundant as are clear quartz, pink and red fragments.

Sand is well sorted, should be a good aquifer_._________________._____ 1, 186
Clay, very fine, very hard, light-olive-gray. Contains a few streaks of
greenish-gray silty elay o 1, 200

Sand, coarse to very coarse, small pebbles, and granules, grayish-blue,
loose and friable. Grains include clear quartz, white vein quartz, feld-
spar, pink and gray siliceous rock fragments, greenish-gray grains,

bleached biotite . - _ e ————— 1, 270
Silt, fine sandy, with a clay binder, grayish-orange__ ... ________._____ 1, 300
Clay, silty, hard, yellowish-gray to light-olive-gray. Contains sparse

fine to very fine sand sizes. _ . e 1, 350

The alternation of yellowish-brown with gray fine-grained sediments
may reflect periodic, perhaps cyclic, changes in depositional environ-
ment. The yellow and brown colors are due to oxidation of the iron-
bearing minerals; the gray beds either have been reduced from an
original oxidized state, or, more likely, were never oxidized since their
deposition in lakes or swamps. The sample of coarse sand and gravel
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from a depth of 1,270 feet superficially resembles gravel and con-
glomerate in the Tehama formation in the English Hills, but dark
gray very hard siliceous pebbles and white quartz pebbles are more
abundant than in the conglomerate and gravel of the Tehama forma-
tion in the outcrop areas. Pebbles of serpentine, weathered volcanic
rocks, sandstone of Eocene and Cretaceous age, and other relatively
less resistant types not capable of long-distance transport and con-
tinued reworking are not prominent in the well samples as they are
in the conglomerate beds of the Tehama farther west.

Unfortunately, time was not available for a microscopic examination
of any of the well samples collected. A petrographic study of the
sediments beneath the eastern Putah plain would be desirable as a
means of determining the source regions of these sediments.

As indicated previously, interpretations of the lithology of the
lower part of the subsurface section of the Tehama formation must be
made from electric logs of gas or gas-test wells. A brief review of the
principles of electric-log interpretation, together with their application
to the particular conditions in the Putah area, is given below.

In a general way, an electric log is a graphic record of the electrical
properties of rocks penetrated by a drilled hole. It is made by lowering
a set of electrodes into the hole before the casing is put in. Most
electric logs record two electrical quantities: resistivity, which is the
electrical resistance possessed by a unit volume of material penetrated
by the drill hole; and spontaneous potential, or self potential, which is
the electric potential measured in the drilling mud at different depths
in the drill hole. These quantities are measured as the electrodes are
raised in the drill hole and are recorded on a strip of chart paper—
the electric log.

On the electric logs shown on the geologic sections in this report,
the resistivity curve is on the right, with the resistivity increasing to
the right; the spontaneous-potential curve is on the left, with the
negative potential increasing to the left. On most electric logs,
numerical scales are used for both spontaneous potential and resis-
tivity. Two or three resistivity curves are usually recorded, each
based on a different spacing of the electrodes which gives a different
depth of penetration of current into the well rock. However, as is
customary on geologic sections, the numerical values of resistivity and
spontaneous potential are omitted, and only one resistivity curve,
that based on the narrowest electrode spacing, is shown. This makes
for simplicity and easy graphic correlation.

Resistivity is a measure of the electrical resistance of a material
and most rock-forming minerals have a very high resistance; hence most
earth formations conduct electric current only by means of the min-
eralized water that they contain (Schlumberger Well Surveying Corp.,
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1949, p. 11). The resistivity of clastic sedimentary materials, such
as those with which we are dealing in the gas-test wells in the Solano
area, depends on two factors: the amount, temperature, and electro-
lytic properties of the water contained in the material; and the shape
and degree of connection of the pore spaces occupied by the water.
Greatly oversimplifying the situation, the zones of higher resistivity
represent the more permeable, but generally less porous, fresh-water-
bearing strata, such as sand and gravel; and the zones of lower resis-
tivity represent the less permeable, but more porous, strata such as
silt and clay. Sand or gravel strata in the fresh-water-bearing
Tehama formation therefore appear as strong right deflections of the
resistivity curve from its position opposite the silt or clay beds.
Strata of permeable saline-water-bearing sand, such as might occur
in some of the sedimentary rocks of Eocene age, would have relatively
weak right deflections, as the resistance of saline water to electric
current is low.

The spontaneous-potential curve, in general, reflects the electro-
motive force, or potential difference, produced by the contact, through
an electrically conductive fluid, of materials of different electrochem-
ical nature. Where the drilling fluid invades a permeable stratum,
a deflection in the spontaneous-potential curve from its position oppo-
site a clay or shale bed is produced. The deflection is positive (right)
where the salinity of the drilling mud is greater than the salinity of
the water in the permeable stratum, negative (left) where the water
in the permeable bed is more saline than the drilling mud. Saline-
water-bearing permeable beds usually produce strong negative (left)
deflection; fresh-water-bearing sands and gravels, such as those of the
Tehama formation, produce weak negative deflection, no deflection,
or even positive deflection.

If rock strata over a wide area are consistent in their lithology and
in the quality of water they contain, they may be easily identified
and correlated in electric logs by the characteristics of the resistivity
and spontaneous-potential curves. Marine sedimentary formations
are particularly susceptible to such identification and correlation.
‘On the other hand, continental sediments, such as the Tehama forma-
tion, are usually so heterogeneous that electric logs of nearby wells
may be quite different. For this reason, any attempts to correlate
beds or even thick units within the Tehama formation are fraught with
uncertainty, and some of the stratigraphic correlations and structural
interpretations made in this report are guesses at best, and may need
to be revised as more information about the Tehama formation be-
comes available. Unfortunately, the electric logs start at a depth of
about 500 feet, so that the characteristics of the Tehama formation
below this depth, only, are recorded.
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Geologic section A-A’ (pl. 8) illustrates the character of the Tehama
formation from the exposures in the foothills northwest of Winters
eastward to the southern Plainfield ridge, approximately along Putah
Creek. The predominantly coarse-grained basal part of the Tehama
can be identified readily in the westernmost three electric logs. The
percentage of coarse material in the Tehama indicated in the Shell
Pleasant Creek unit wells is high—about half the logged thickness is
coarse grained in Pleasant Creek unit 5-1, and about a third in 2-1
and 1-1. The dip of the base of the Tehama, which is about 4%°
between wells 5-1 and 2-1, flattens to about 3° between 2-1 and 1-1.
The dips observed in outcrops along the line of the section appear to be
only 1° or 2°, however, which suggests that the Tehama thickens
eastward.

In the Shell Oil Co.’s Szekeres 1 and Heinz 1 wells in the Winters gas
field between Winters and the Plainfield ridge, the percentage of
coarse material in the Tehama formation is considerably less than in
the wells farther west. The percentage of coarse material in the
Szekeres well is 20 percent if the base of the Tehama is at an altitude
of 2,922 feet below sea level (—2,922); 26 percent if the base is at
—2,074 feet. Most of the interval from —2,074 to —2922 feet is
probably rather fine grained, as indicated by the low values of both
resistivity and spontaneous potential. A possible exception is the
zone between about —2, 762 and —2, 825 feet. The quality of water
contained in this zone is probably poorer than in the coarse sand and
gravel beds higher in the section.

In the Szekeres and Heinz wells, and in the other wells in the Winters
gas field between Winters and the Plainfield ridge, the correlation of
the predominantly fine-grained material between altitudes of about
—2,200 and —2,900 feet with the coarse basal part of the Tehama
formation to the west is somewhat doubtful. (See sections A-A’,
B-A’-FB’, pl. 8.) Evidence from seismic surveys, and the low hills
probably composed of the Tehama formation in the southern Plain-
field ridge, both suggest an anticline north of Putah Creek, and a
syncline to the west between Plainfield ridge and the foothills north of
Winters. However, the best apparent electric-log correlations indi-
cated on geologic sections 4-A’ and B—-A’-B’ suggest that the base of
the Tehama formation dips eastward rather uniformly at about 1°,
east of the foothills. If the predominantly fine-grained middle zone
of the Tehama shown by the electric logs (see sections A-A4’, B-A"-B’,
and C-C’, pls. 8 and 9) has been correlated correctly, it is difficult to
account for a syncline and anticline beneath the Putah plain east of
the foothills.

In the Standard Oil Co.’s Campbell Community 1 well, the propor-
tion of permeable material in the Tehama formation is considerably
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higher than in the wells in the Winters gas field to the west. The base
of the Tehama can be rather definitely identified on the electric log at
about —2,738 feet. From —2,738 to —2,300 feet, the section is
predominantly coarse grained, and a substantial amount of coarse
material is indicated up to —1,670 feet. Fine-grained material con-
stitutes most of the section from — 1,670 to —1,078 feet; from —1,078
to —637 feet, the section is again largely permeable. The overall
proportion of coarse-grained permeable material from altitudes
—2,738 to —502 feet is about 41 percent, which is about as much as in
the Tehama formation as exposed in the northern English Hills and
penetrated in the gas-test wells northwest of Winters.

Geologic section B-A’-B’ (pl. 8) extends N. 70° E. from the foot-
hills west of Pleasants Valley across the northern English Hills and
the northwestern Putah Plain to the Standard Oil Co.’s Campbell Com-
munity 1 well (the well at the east end of section A-A’"); thence nearly
east to a point about 2% miles southeast of Davis. The outerop sec-
tion of the Tehama formation traversed is less than a mile south of
measured section M~-M’. The conglomerate bed shown west of well
7/1W-5R1 in section B-A’-B’ is the uppermost conglomerate at
section M—M’. The thickness of the Tehama below the top of this
bed at section B~A'-B’ is a little more than 700 feet, which agrees
closely with the 748 feet of thickness measured at section M-M’. If
the dip of the conglomerate bed that marks the top of the predomi-
nantly coarse zone of the Tehama formation in the northern English
Hills is projected eastward, the horizon intersected in the Shell Oil
Co.’s' MecCune 1 well also marks the top of a coarse zone of the Te-
hama.

The base of the Tehama formation, however, is just as difficult to
identify in the McCune well as in the other wells in the Winters gas
field, including Shell’s Heinz and Szekeres wells shown on section A-A’.
The bottom of the lowest fresh-water-bearing permeable bed in the
MecCune well is an at altitude of about —2,178 feet, but the base of the
Tehama could be at —2,830 feet. The interval from —2,178 to
—2,830 feet seems to be the same fine-grained zone noted in the
Heinz and Szekeres wells (section A-A’). It is to be noted, also, that
the fine-grained ‘“middle” zone above the coarse-grained lower part
of the Tehama appears to correlate very well from the McCune well to
the Campbell Community well. Coarse, permeable material com-
poses only about 20 percent of the logged Tehama formation in the
MecCune well, if the base of the Tehama is at —2,830 feet.

Geologic section C-C” (pl. 9) extends approximately N. 87° E.
across the north-central English Hills and Putah plain from about 1%
miles west of Pleasants Valley in 7/2W-16H to the Shell Oil Co.’s
Saxon unit 1-1 gas-test well at the west edge of the Yolo basin.
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Electric logs of three gas-test wells are shown on the section: Shell-
Superior Davis unit 1-1 in 7/1E-10R, about a mile northwest of Dix-
on; Amerada Atkinson 1 in 7/2E-10J; and Shell Saxon unit 1-1 in
7/3E-7R.

The base of the Tehama formation appears to be at an altitude of
—2,328 feet in the Davis unit well, which may be near the crest of a
southward continuation of the anticline forming the Plainfield ridge.
As in sections A-A’ and B-A’-B’ farther north, there is some doubt
about the existence of an anticline and syncline beneath the Putah
plain east of the English Hills. Unfortunately, no gas-test wells
have been drilled south of the Winters gas field along the axis of the
suspected syncline, so the existence and position of the syncline and
anticline shown on section 0-C’ are doubtful.

The proportion of fresh-water-bearing permeable material indicated
in the 3 electric logs increases eastward; it is about 28 percent in the
Davis unit well, 36 percent in the Atkinson well, and 43 percent in
the Saxon unit well. The predominantly fine-grained middle part
of the Tehama formation is not as well defined in the 3 electric logs
of section C—-C” as it is in sections A-A’ and B-A’-B’. There is
some indication of a coarse basal section in the Tehama about 800
feet thick in the Davis unit well, which may correspond approximately
to the exposed section 900 feet thick below the top of the conglomerate
bed illustrated near the west end of the vertically exaggerated section.
This conglomerate bed is probably the same as the highest conglomer-
ate of measured section M-M’. The coarse basal section is more
than 1,100 feet thick in the Atkinson and Saxon unit wells farther
east, but the fresh-water-bearing sediments in these wells may have
a different source than the sediments of the Tehama formation to
the west.

Geologic section F-F’ (pl. 9) illustrates many of the available
subsurface data for the southern Putah plain. The line of the section
extends trom the low ridge of sandstone of Eocene age about 3 miles
southeast of Vacaville in 5/2W-2D through the Travis Air Force
Base water-well field in 6/1W-36 to the Amerada Petroleum Corp.
Comber 1 gas-test well near Binghamton; thence to Amerada’s H. D.
‘Winship A-1 well; thence to Amerada’s Sorenson 1 well in the southern
Yolo basin in 6/3E-19R.

The identity of the fresh-water-bearing sediments beneath the
southeastern Putah plain is in some doubt. The Tehama formation
does not crop out anywhere south of the hill a mile south of Vacaville
in 6/1W-22, except in the low arcuate ridges between Elmira and
Binghamton and 3 miles south of Elmira. The Travis Air Force
Base well 6/1W-36E1 was drilled 103 feet into basalt beneath beds
of clay, sand, and gravel that probably are in the Tehama formation.
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The Tehama is covered by a veneer of alluvium in 6/1W-36, and the
basalt penetrated by 36E1 is not exposed west of the well. Although
well 6/1W-36K2 is less than a quarter of a mile east of 6/1W-36E1,
measured perpendicular to the probable strike of the beds (see geologic
map, pl. 1), its electric log does not suggest the presence of any basalt.
If the basalt is below the Tehama formation, and if the bottom of well
6/1W-36K2 is still in the Tehama, the base of the formation must
be dipping more than 25° between wells 6/1W—36E1 and 6/1W-36K2.

In the Amerada Comber well, the westernmost of the 3 gas-test
wells on the geologic section, the inferred base of the Tehama (?)
formation appears to be at an altitude of about —2,300 feet. A
coarse basal zone about 700 feet thick is fairly well defined in the
electric log, and the zone appears to correlate with a similar zone
nearly 900 feet thick in the H. D. Winship well about 4 miles to the
east. The base of the fresh-water-bearing sediments is well defined
at —2,689 feet in the Winship well. The electric log of the Sorenson
well, 3 miles farther east, is very different in general appearance from
the electric log of the Winship well, although the base of the fresh-
water-bearing sediments seems to correlate fairly well. Throughout
the thickness of the inferred Tehama formation, the proportion of
coarse-grained material is much higher in the Sorenson well than in
the Winship and Comber wells to the west—a situation similar to
the eastward coarsening of materials noted in the geologic sections
farther north.

To summarize briefly, electric logs of gas-test wells in the Putah
area indicate that moderately permeable fresh-water-bearing sediments
extend to depths of nearly 3,000 feet. Most of this thick section is
probably the Tehama formation, which is exposed in the English
Hills west of the Putah plain. With our present knowledge, sub-
surface correlation of beds within the Tehama is virtually impossible,
although zones of predominantly coarse or fine material can be traced
eastward across the central part of the Putah plain from Davis south
to Binghamton.

Although several independent lines of evidence point to the presence
of an anticline at Plainfield ridge that probably extends southward,
approximately through Dixon, and a syncline between this anticline
and the English Hills, the best apparent correlation of zones in the
electric logs does not indicate these structures. Possibly the coarse
basal zone of the Tehama noted in the northern English Hills and in
the gas-test wells in the hills northwest of Winters does not extend
as far east as the inferred syncline that passes through the Winters
gas field east of Winters. If the interpretation of an anticline and
syncline at the base of the Tehama is correct, the anticlinal and
synclinal structure would be reflected in all the overlying beds of the
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Tehama formation, with decreasing flexure toward the land surface.
This flexure has not been shown in the overlying zones on geologic
sections A—-A’, B-A’-B’, C-C’, and F-F’ because of lack of control
and uncertainty concerning the structural conditions.

The electric logs of the gas-test wells indicate that the proportion
of permeable material in the Tehama formation is least in the area
immediately east of the English Hills at the Winters gas field. The
logs of the wells farther east indicate a higher percentage of permeable
material—as high, in fact, as in the wells northwest of Winters and in
the exposures in the northern English Hills. Possibly the western
part of the present Putah plain area was occupied by lakes or flood
basins during much of Tehama time, and the coarse deposits farther
east did not have a western source as did the Tehama formation in
the English Hills. The coarse deposits penetrated by the gas-test
wells in the eastern Putah plain may have been deposited by an
ancestral Sacramento River.

TaBLE 5.—S8elected well logs showing lithologic character of the Tehama formation
and related continental sediments

[Altitudes are feet above mean sea level; depths are from land-surface datum to base of beds. Stratigraphic
correlations are by F. H. Olmsted]

Thick- | Depth Thiek- | Depth.
Material ness | (feet) Material ness | (feet)
(feet) (feet)

BG/l]W—l5Jl. Burton Brothers, About 1.6 miles east of Vacaville, Altitude 112 feet, Drilled by F.
owles.

Younger alluvium, older alluvium, Tehamaformation and related con-
and Tehama formation and re- tinental sediments—Continued
lated continental sediments: (00 SN 15 335
Clay, yellow .o oo 130 130 Sand hard, water-bearing. 15 350
Tehama formation and related 8 368
continental sediments: 25 383
Sand, some water_. 134 12 395
Clay, yellow_____ 141 275
Boulders and clay. 25 300 105 500
Gravel, tight, wal:er-bearing_.. 20 320

6/1W-22F3. Pacific Gas and Electriec Co., Vacaville No. 4. About 1.2 miles east of Vacaville. Altitude
129 feet. Drilled by F. Bowles.

Younger alluvium: . Tehama formation and related con-
() S 3-10) | 12 12 tinental sediments—Continued
Tehama formation and related 5 190
continental sediments; 2 192
Gravel and €lay - coomocceaao. 3 15 8 200
Sand. ol 3 18 6 206
Clay 6 24 3 209
Gravel, tight.....___..._.____. 3 27 11 220
Fuller’s earth__._ - 12 39 3 223
QGravel, tight. . 2 41 3 226
[0 13 S 7 48 11 237
St iR A
ay soft. .
S%ay and 33 168 » 26
Ay o oeeo 02

Gravel, tight 3 | 15 40 | 32

Gravel, some water. 5 150 Sandstone, hard, and conglom-
Gravel, tight 10 160 erate 15 341
Sandstone 15 175 Sandstone, hard. «ceeeecewncaen 41 382
Gravel, tight.. .o _.cooo .. 10 185 Conglomerate. - coecemccecmnnan 12 394
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TaBLE 5.—Selected well logs showing lithologic character of the Tehama formation
and related continental sediments—Continued

Thick- | Depth Thick- | Depth
Material ness (feet) Material ness | (feet)
(feet) (feet)

6/1W-22F3.—Continued

Voleanic sedimentary rocks: Voleanic sedimentary rocks—Con
hale, dry_._._.. I 12 406 Clay, sticky.___...._. 15 555
fand, tight 18 424 Sand, hard.- 11 566
Clay, sandy...._ - 25 449 Clay, sticky.._. 64 630
Clay, sandy... - 9 458 Sandstone, soft 19 649
Clay, sticky... . 16 474 Clay with thin streaks of
Sand, hard.... - 16 490 sandstone. ... o.ooo_.o 23 672
Clay, sticky... 30 520 Saudstone, soft, with some
Clay, sandy 12 532 ||  waber....o_ . ... 23 695
Clay, pink, with hard Clay thh thin streaks of sand-
streaks. oo 8 540 1703 (1 45 740

7/2W-1J1. W. F. Wood. About 4.0 miles southwest of Winters. Altitude 168 feet. Drilled by
Davis-Alcorn.

Younger alluvium: Tehama formation and related
Top soil of silty elay._..___._._. 7 7 continental sediments—Con.
Tehama formation and related Shale-schist, cemented _.______ 3314 105
continental sediments: Clay, stiff, browh.....__ ... 15 120
Clay, stiff, brown._..______..._ 13 20 QGravel, very tight, cemented.__ 16 136
Sand, dry, fine, brown.__ 20 40 Undifferentiated sedimentar y
Gravel, fine to medium dry. 8 48 rocks (Eocene):
Clay, hard, brown_.__.__.._.__ 12 60 Shale, stiff, blue, clayey______. 66 202
Conglomerate, shale schist Clay, stiff, blue, hard gray
veryhard .. . ____________ 10 70 sand streaks____...._.__...__ 187 389
Shale ledge, very hard___.___._ 1% 7%

7/1W-5R1, C. H. Jiminez. About 3.2 miles south of Winters. Altitude 170 feet. Drilled by Aulman and
Aulman, [Casing perforated from 66 to 72 and 96 to 193 feet]

Younger alluvium: Tehama formation and related
Soll 14 14 continental sediments-—Con.
Tehama formation and related Clay, brittle, sandy_...__.___.. 13 166
continental sediments: 22 188
Sand and fine gravel__.________ 5 19 3 191
Clay.. il 21 40 6 197
Grave] fine, and sand 5 45 3 200
___________________________ 10 55 Rock, very hard _ 5 205
Clay, sandy, and sand_____...._ 3 58 Clay, tough_.. - 12 217
........................... 9 67 QGravel, tight - N 4 221
Clay, brittle, sandy_. 10 77 Rock, very hard solld.___.____ 8 229
Clay.. ... 43 120 Gravel tight 3 232
Olay, brittle, sandy_. 6 126 Very hard formation.......... 3 235
Gravel 2 128 Clay, tough.__ ... _______ 20 255
_________________ 9 137 Gravel.. - 11 266
Clay, brittle, sandy_. 5 142 ClaY e e e 20 286
1 C 11 153

7/1W-32H1. J. M. Ruth. About 3.7 miles north of Vacaville. Altitude 208 feet. Drilled by Vaea Drill-
ing Company.

Tehama formation and related

3 3 continental sediments—Con.
5 8 2 81
30 111
tinental sediments: 4 115
Sandstone. ... 19 27 7 122
14 41
3 44 12 134
24 68 1 135
1 69 64 199
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TaBLE 5.—Selected well logs showing lithologic characier of the Tehama formation
and related continental sediments— Continued

i Thick- | Depth Thick- | Depth
Material ness (feet) Material ness | (feet)
(feet) (feet)
8/1W-20B1. John Felix. About 1.6 miles northwest of Winters. Altitude 175 feet. Drilled by H. O. Krossa.
[Casing perforated from 68 to 194 feet]
Tehama formation and related Tehama formation and related
continental sediments: continental sediments—Con.
“Surface” . __ 3 3 Clay, yellow___.___________.___ 56 166
Clay and rocks. 17 20 Sand, fine___ 5 171
Clay, gray. . oo _.___ 20 40 Gravel ______ 2 173
Clay, gray, with some rocks. .. 20 60 Clay, sandy 10 183
Gravel, dry ... 10 7 QGravel_.____._.___._____ 3 186
Clay, gray. 5 75 Clay, yellow, and gravel. 9 195
Gravel_ ... el 21 96 ravel .__._____.._____ 3 198
Clay, gray, with streaks of Clay, yellow____________.__.._. 2 200
gravel _________ . ... ___ 14 110
8/1E-15H1. F. Russzell. On Plainfield ridge about 5.5 miles west of Davis. Altitude 87 feet. Drilled
by 3. D. Miller.
Tehama formation and related Tehama formation and related
continental sediments: continental sediments—Con.
Gravel and hard elay...._.___. 114 1% Clay . el 1 51
Bedrock 416 6 QGravel.._.__._ 15 66
Clay...... 9 15 313\ 2 68
Sand, gray 20 35 Gravel, very tight_ - 16 84
Sand and gravel, tight 15 50 Clay, sandy ..o ceameoemoa 166 250

8/2E-16Q1.

University of California at Davis.
University sewage plant, 100 feet northwest of turn

[¢]

n south bank of old Putah Creek,
in county road. Altitude 56 feet.

200 feet south of

Youéxgﬁr and older alluvium:

Tehama formation and related
continental sediments:
Clay, brown._

Clay,blue. .
Clay, brown..__
Clay and gravel. .
Clay, blue

Clay, brown_.
Clay, blue....
Clay, brown -
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